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FOREWORD
The semi -a r id t r o p i c s (SAT), which are of primary i n t e r e s t to ICRISAT, are
charac te r i zed by unpred ic tab le r a i n f a l l , poor s o i l s , and high evapora t i on .
These areas are spread over a wide b e l t between 10° and 30° nor th and south
of the equator around the w o r l d . Charac te r i za t ion of crop c l ima te in the SAT
is an essen t i a l p r e r e q u i s i t e in developing improved and economical ly v i a b l e
farming systems. To t h i s end, the agroc l imato logy subprogram at ICRISAT has
been s t r i v i n g to develop an agronomical ly re levant c l a s s i f i c a t i o n of the
c l ima te to i d e n t i f y isoc l imes f o r a s s i s t i n g i n the t r a n s f e r o f techno logy.
Two impor tant quest ions tha t need a c r i t i c a l examination a re :
What are the semi -a r id t r op i cs?
Where are the semi -a r id t r op i cs?
A review of the a v a i l a b l e l i t e r a t u r e on c l i m a t i c c l a s s i f i c a t i o n by our
agroc l imato logy subprogram showed t h a t no s ing le system can lend s u f f i c i e n t
agronomic re levance to c l i m a t i c c l a s s i f i c a t i o n . The cu r ren t r e a l i z a t i o n o f
the need to c r i t i c a l l y assess "ag roc l ima t i c resources" in the e f f o r t s devoted
to c l a s s i f y i n g c l imates led us to the attempt to develop a s a t i s f a c t o r y
methodology t h a t could be app l ied w i t h the a v a i l a b l e data base.
I t is w i t h t h i s background t h a t we organized t h i s consu l t an t s ' meeting on
c l i m a t i c c l a s s i f i c a t i o n of the SAT. We are hopeful t h a t the meeting w i l l
help us to de f ine a s t ra tegy of our research in t h i s important area. The
papers presented here in should s t imu la te d iscuss ions in t h a t d i r e c t i o n .
J.C. Davies
Di rec to r f o r I n t e r n a t i o n a l Cooperation
ix

WELCOME ADDRESS
L . D . S w i n d a l e *
*Dr. Swindale is D i r e c t o r General of ICRISAT.
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I welcome you a l l to ICRISAT; it is a pleasure to have you here. We would l i k e
you to see what is going on at ICRISAT in the f i e l d because, as I w i l l s t ress
l a t e r , our research is very much f i e l d - o r i e n t e d . ICRISAT is now near ly 8 years
o l d . I have been asked to give you some background of the i n s t i t u t e , but I 
know t h a t is going to be done more completely by our col leagues in V i s i t o r s '
Serv ices . So I s h a l l concentrate on what we are i n t e r e s t e d in accompl ishing
in agroc l imato logy .
The ob jec t i ves of the i n s t i t u t e — w h a t we c a l l i t s mandate—are:
• to serve as a wor ld center f o r the genet ic improvement
of sorghum, pearl m i l l e t , pigeonpea, ch ickpea, and
groundnut ;
• to develop farming systems t h a t w i l l help to increase
and s t a b i l i z e a g r i c u l t u r a l product ion through more
e f f e c t i v e use of na tu ra l and human resources in the
seasonal ly dry semi -a r id t r o p i c s ;
• to i d e n t i f y socioeconomic and o ther cons t ra in ts to
a g r i c u l t u r a l development in the semi -a r id t r o p i c s
and to eva luate a l t e r n a t i v e means of a l l e v i a t i n g them
through techno log ica l and i n s t i t u t i o n a l changes; and
• to a s s i s t na t iona l and reg ional research programs
through cooperat ion and to con t r i bu te f u r t h e r by
sponsoring conferences, opera t ing i n t e r n a t i o n a l
t r a i n i n g programs, and a s s i s t i n g in the extension
a c t i v i t i e s .
Sorghum, pear l m i l l e t , pigeonpea, ch ickpea, and groundnut are the f i v e
crops t ha t come w i t h i n the mandate of ICRISAT and f o r which we have major crop
improvement programs. In a d d i t i o n , we work on improving farming systems,
i n c l u d i n g l and -p repa ra t i on techniques and water and crop management, implements,
and sources of power—al l combined—keeping in mind the resources t ha t are l i k e l y
to be a v a i l a b l e to the farmer in t h i s region o f the w o r l d .
In the semi -a r i d t r o p i c s , f o r a par t of the year r a i n f a l l does indeed
exceed both ac tua l and p o t e n t i a l evapo t ransp i ra t ion and water is in s u r p l u s . We
should t r y to make the best poss ib le use of tha t water at o ther t imes of the
year . This p o s s i b i l i t y f i gu res very l a r g e l y in the nature o f the improved
cropping systems t h a t we are t r y i n g to develop.
The map of the semi -a r i d t r o p i c s , as def ined by ICRISAT using T r o l l ' s
c l a s s i f i c a t i o n , covers a very la rge area of the w o r l d , w i th some 600 m i l l i o n
people l i v i n g w i t h i n i t s boundar ies. Much o f the wo r l d ' s t o t a l p roduct ion
of the f i v e ICRISAT crops is produced and consumed as human food in the semi-
a r i d t r o p i c s . These crops are low in cash va lue. They tend to be grown under
r a i n f e d c o n d i t i o n s , and the y i e l d s are h igh ly unstab le . They are leas t
researched in the developed c o u n t r i e s ; because of t h e i r subsistence na tu re ,
they are ignored even in the coun t r ies where they are grown. The f e r t i l i z e r -
responsive genes t h a t have pushed up the y i e l d s of r i c e and wheat have y e t
to be discovered f o r these c rops , p a r t i c u l a r l y pulses and groundnut.
There i s , however, cons iderable p o t e n t i a l f o r t h e i r improvement. In
ICRISAT exper iments, y i e l d s three to fou r times g rea te r than the average y i e l d s
have been obta ined under r a i n f e d c o n d i t i o n s . The Governing Board of ICRISAT is
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convinced tha t farming by improved technology is the key to the improvement of
fa rmers ' we l f a re in the sem i -a r i d t r o p i c s and to enable them to c o n t r i b u t e to
a l a r g e r degree of food p roduc t ion in the w o r l d .
Now what would be the r o l e of agroc l imato logy in he lp ing the farmers
and in he lp ing ICRISAT to achieve i t s mandate? To me it would appear t ha t
the re are two major par ts or themes: f i r s t , to assess the c l i m a t i c r i s ks asso-
c ia ted w i t h var ious improved farming systems at a p a r t i c u l a r l o c a t i o n , o r ,
converse ly , to decide on the best farming systems t h a t may be fo l l owed or
could be assoc ia ted w i t h c e r t a i n c l i m a t e s ; and second, to a s s i s t in s t r a t -
i f y i n g the env i ronment , p a r t i c u l a r l y the c l i m a t i c envi ronment, f o r purposes
of technology t r a n s f e r , e s p e c i a l l y w i t h regard to improved farming systems.
For both themes I be l i eve t h a t f i e l d research and h y p o t h e s i s - t e s t i n g must be
par t of the program. It does not seem to me t h a t there is much research on
c l ima te t h a t inc ludes emp i r i ca l and exper imental research. We ourselves have
only one example of something accompl ished: I be l ieve tha t we have assessed
f a i r l y we l l the c l i m a t i c r i s ks assoc ia ted w i t h the improved farming systems
f o r deep V e r t i s o l s in the sem i -a r i d t r o p i c s . Obviously no one i n s t i t u t e w i l l
have the resources to t e s t a l l o f these th ings at one t ime. The A l l Ind ia
Coordinated Research Pro jec t f o r Dryland A g r i c u l t u r e is working on proposing
new cropping systems f o r c e r t a i n c l i m a t i c regions and has issued a book
e n t i t l e d "Improved Agronomic Pract ices f o r Dryland Crops in I n d i a . " I d o n ' t
know to what ex ten t they have a c t u a l l y t es ted the success of these recom-
mendations a t the l o c a t i o n s .
The c l ima te of two regions is o f ten sa id to be the same; how we l l tha t
f a c t can be used to t r a n s f e r a p a r t i c u l a r type of a g r i c u l t u r a l technology is
not tes ted very o f t e n . I t i s not s u f f i c i e n t to say tha t the na tu ra l vegeta-
t i o n in the two places is the same, because in a g r i c u l t u r a l systems you
remove na tu ra l vege ta t ion and manipulate the remaining resources. When
you do t h a t , you may reveal g reat d i v e r s i t i e s in farming systems.
Before I f i n i s h I wish to speak of a p r o j e c t dea l ing w i t h s o i l c l a s s i f i -
ca t i on where c l a s s i f i c a t i o n goes hand in hand w i t h t e s t i n g of hypotheses so
t h a t one can t r a n s f e r the technology i f the c l a s s i f i c a t i o n is developed
p r o p e r l y . The s o i l taxonomy adopted by the So i l Survey of the US So i l Con-
se rva t i on Service has s i x bas ic l eve l s o f c l a s s i f i c a t i o n — s o i l o r d e r s , sub-
o r d e r s , g roups, subgroups, f a m i l i e s , and s e r i e s . The s o i l f am i l y i s the hear t
of the taxonomy and the key to the whole system; the s o i l s grouped together at
t h i s l eve l requ i re s i m i l a r management f o r a g r i c u l t u r a l and eng ineer ing pur-
poses. The Benchmark So i l s Pro jec ts of the U n i v e r s i t y of Hawaii and U n i v e r s i t y
of Puerto Rico have tes ted the hypothes is t h a t s o i l s in a s i n g l e f am i l y have
s i m i l a r management problems, s i m i l a r p o t e n t i a l s . For example, the s o i l s in one
fami l y t h a t occur in Hawaii a lso occur in Indones ia , the P h i l i p p i n e s , Rwanda,
Burund i , the Canary I s l a n d s , and in var ious o the r places around the wor ld where
recent vo l can ic a c t i v i t y has taken p lace . What you can grow on one of these
s o i l s in the f am i l y you should be ab le to grow on the o t h e r s , and the problems
of managing the crops should be somewhat s i m i l a r . In order to t e s t t h a t
hypothesis the Benchmark So i l s P ro jec t has l a i d out a se r ies of exper imental
p l o t s using maize and soybeans as t e s t c rops . The curves of crop growth versus
i n p u t - s u p p l i e d product ion f u n c t i o n appeared to come from one s i n g l e group of
cu rves , showing t ha t the hypothesis was c o r r e c t . This s o r t o f emp i r i ca l t e s t -
ing of a hypothesis by c l a s s i f i c a t i o n , and the examinat ion of i t s relevance
x i v
to a g r i c u l t u r e is what the ag roc l ima to log i s t s should at tempt so t h a t what
they do is re levan t to the needs of the people of the semi -a r i d t r o p i c s .
We welcome you most h e a r t i l y . We hope tha t you w i l l be reasonably
comfor tab le wh i l e you are here and t h a t the conference w i l l be most
p roduc t i ve .
xv
NEED, RELEVANCE, AND OBJECTIVES OF THE
CONSULTANTS' MEETING ON CLIMATIC CLASSIFICATION
S.M. V i r m a n i *
*Dr. Virmani is P r i n c i p a l Ag roc l ima to l og i s t in the Farming Systems Research
Program at ICRISAT.
x v i i
Cl ima t i c c l a s s i f i c a t i o n has been p r i m a r i l y the domain of p l an t geographers. I t
is on ly very r ecen t l y t ha t some inroads have been made by s t a t i s t i c a l mathemat-
i c i ans and meteoro log is ts in a t tempt ing q u a n t i t a t i v e c l a s s i f i c a t i o n . Several
c l imate c l a s s i f i c a t i o n s e x i s t . The users o f c l ima te c l a s s i f i c a t i o n i n fo rma t i on
are from a l l walks of l i f e , because c l ima te and weather a f f e c t a l l human
a c t i v i t i e s . For t h i s meet ing , however, we w i l l consider c l i m a t i c c l a s s i f i c a t i o n
in r e l a t i o n to a g r i c u l t u r a l development and p lann ing .
Let me t a l k about some basic quest ions t h a t we should discuss over the
two days of our meet ing.
Why Classify?
I t h i n k there are two basic func t ions of c l ima te c l a s s i f i c a t i o n . F i r s t , to
i d e n t i f y , o rgan i ze , and name c l i m a t i c types in an o rde r l y fash ion and s t i m u l a t e
the r e v e l a t i o n and f o r m u l a t i o n o f r e l a t i o n s h i p s w i t h i n the c l i m a t i c p o p u l a t i o n .
Second, to serve as a base f o r the a p p l i c a t i o n of techno logy , f o r the i n t e r -
p r e t a t i o n of resources as c l a s s i f i e d and de l inea ted on s o i l - c l i m a t i c maps, and
f o r the t r a n s f e r o f exper ience.
Let me quote C l i n e , who wrote about 30 years ago, on some basic p r i n c i p l e s
o f s o i l c l a s s i f i c a t i o n , which apply to c l imate c l a s s i f i c a t i o n as w e l l : (1) "Clas-
s i f i c a t i o n should deal w i t h the knowledge e x i s t i n g at the t ime . As knowledge
changes, the c l a s s i f i c a t i o n must a lso change." (2) " C l a s s i f i c a t i o n is a c rea t i on
of man f o r a s p e c i f i c purpose and the c l a s s i f i c a t i o n should be designed to serve
t h a t purpose." (3) " C l a s s i f i c a t i o n cons is ts o f c r e a t i n g classes by grouping
ob jec ts on the basis of t h e i r common p r o p e r t i e s . "
Thus, we c l a s s i f y to i d e n t i f y and o f ten l oca te geograph ica l l y e n t i t i e s
t h a t are s i m i l a r in p rope r t i es or performance, and t h a t can be recognized as
being d i f f e r e n t from or u n l i k e other e n t i t i e s in some impor tant ways.
HIERARCHIAL ARRAY OF CHARACTERS
To be u s e f u l , the c l a s s i f i c a t i o n must embrace a l l the " c l i m a t e s " t h a t are known.
The system should be m u l t i c a t e g o r i c , w i t h a few categor ies in the h igher orders
and many in the lower . Such an arrangement would permi t comprehension of c l i m a t -
ic i n fo rma t ion by classes a t d i f f e r e n t l eve l s o f g e n e r a l i z a t i o n and prov ide f o r
an o rde r l y scheme. I t would prov ide a basis f o r the design of ca r tograph ic un i ts
f o r c l i m a t i c maps of d i f f e r e n t scales and degrees of d e t a i l .
C l ima t i c elements usefu l i n c h a r a c t e r i z a t i o n f o r c l a s s i f i c a t i o n recognize
a h i e r a r c h i a l ar ray of c h a r a c t e r i s t i c s under the pr imary elements: thermal energy
(measured as temperature) and mois ture (measured as p r e c i p i t a t i o n ) .
Philosophic Problem of Reducing Continua
These primary elements e x h i b i t continuous v a r i a t i o n in t ime and space; some of
these are more or less r e g u l a r — f o r example, temperature- -and some have to be
t r e a t e d s t o c h a s t i c a l l y , f o r example, p r e c i p i t a t i o n . The " c l i m a t e " i s a c o l l e c -
t i o n o f contiguous " c l i m a t e s , " a l l o f which have c h a r a c t e r i s t i c s l y i n g w i t h i n
the de f ined l i m i t s . An i n f i n i t y o f combinations o f pr imary and secondary c l i -
mat ic elements can, in p r i n c i p l e , be created by f a c t o r i a l combina t ion . Thus
x v i i i
there is the ph i losoph ic problem of reducing cont inua to a f i n i t e number of
d i s c r e t e un i t s (or c l asses ) . The global c l i m a t i c c l a s s i f i c a t i o n s are p r i m a r i l y
conceptua l . So there is bound to be inherent a r t i f i c i a l i t y of boundar ies.
The Question of Scale
In the l i g h t of the above, the basic quest ion of scale a r i ses in agroc l imato-
l o g i c a l a p p l i c a t i o n s . Three leve ls o f scale are genera l ly recognized. F i r s t ,
l oca l or expe r imen ta l ; second, r e g i o n a l ; and t h i r d , na t iona l or g l o b a l . The
data source and the approaches used w i l l be d i f f e r e n t f o r s tud ies at these
three sca les . Studies on a reg ional scale usua l ly requ i re an extensive data
source and computer f a c i l i t i e s , wh i l e s tud ies r e l a t e d to a loca l or e x p e r i -
mental scale requ i re in -depth empi r i ca l da ta .
While d iscuss ing the problem of scale and a p p l i c a t i o n of ag roc l ima t i c
c l a s s i f i c a t i o n f o r a g r i c u l t u r a l research and development, I would l i k e to
b r ing to your no t i ce the quest ion o f assessment o f land f o r a g r i c u l t u r a l
p o t e n t i a l . This is one of the pr imary uses of i n fo rmat ion on c l i m a t i c c l a s -
s i f i c a t i o n . I t is based on the in fo rmat ion on s o i l s and c l i m a t e . Since
w i t h i n a " c l i m a t i c t ype" several " s o i l types" are l i k e l y to occur , any con-
s i d e r a t i o n of land-use po ten t i a l based on c l i m a t i c parameters alone is not
l i k e l y to be mean ing fu l .
Let me b r i e f l y po in t out the relevance of c l i m a t i c c l a s s i f i c a t i o n f o r
ICRISAT.
GLOBAL COVERAGE AND FEATURES OF THE SEMI-ARID TROPICS (SAT)
A large area cover ing 10° to 30° l a t i t u d e in both the hemispheres, between
the t r o p i c a l r a i n f o r e s t s and d e s e r t s , i s genera l l y termed semi -a r id t r o p i c a l .
It has an a l t e r n a t i n g wet and dry c l i m a t e . This b e l t broadly covers 49
count r ies around the globe and is inhab i ted by about 600 m i l l i o n people. The
s o i l s are low in organic mat ter and f e r t i l i t y . The r a i n f a l l i s low, v a r i a b l e ,
and undependable. Lack of moisture is the key l i m i t i n g f ac to r to s t a b i l i z e d
and improved a g r i c u l t u r e in these reg ions . The farmers in these areas through
centur ies of exper ience know tha t crop y i e l d s are a gamble. They and others
who depend upon them pray f o r b e t t e r and more uni form weather. Some years t h e i r
prayers are heard; in o t h e r s , ignored .
Resource-oriented and Location-specif ic Technology
I t is in t h i s s e t t i n g tha t the farming systems research program of ICRISAT has
been launched to produce a technology t ha t w i l l help increase and s t a b i l i z e the
a g r i c u l t u r a l product ion o f t h i s r eg i on . I t has three major goa ls :
• to a id the generat ion of technology
• to ass i s t in development o f technology f o r improving land
and water management, and
• to a s s i s t in r a i s i n g the economic s ta tus and q u a l i t y o f
l i f e f o r the people o f the semi -a r id t r o p i c s .
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ICRISAT has developed a watershed-management and resource -o r ien ted
techno logy. The l a s t 7 yea rs ' research has conc lus i ve l y shown t h a t crop y i e l d s
can be s t a b i l i z e d at much h igher l eve l s than those c u r r e n t l y r e a l i z e d by fa rmers .
Grain y i e l d s vary ing from 4000 to 7000 kg/ha have been harvested from deep
V e r t i s o l areas.
But the technology is l o c a t i o n s p e c i f i c . The semi -a r i d t r o p i c s have
v a r i a b l e s p a t i a l d i s t r i b u t i o n of the na tu ra l endowments. Thus the re e x i s t s a 
s t rong element o f l o c a t i o n s p e c i f i c i t y in terms o f mois ture environment dur ing
the crop-growing season. These a reas , t h e r e f o r e , pose a unique se t of c i rcum-
stances to those invo lved in the programs of a g r i c u l t u r a l development.
We at ICRISAT are t h e r e f o r e i n t e r e s t e d not only in quest ions r e l a t e d to
where and what the semi -a r id t r o p i c s are but a lso in assessment and q u a n t i f i c a -
t i o n o f t h e i r c l i m a t i c resources.
ORIGIN AND SCOPE OF THE MEETING
In 1978, we wrote a small r epo r t on approaches used in c l a s s i f y i n g dry c l i m a t e s .
It was sent to 30 s c i e n t i s t s loca ted around the wor ld and we l l known in the
f i e l d of a g r o c l i m a t o l o g i c a l research and a p p l i c a t i o n s . T h i s meeting was
organized based on t h e i r r e p l i e s .
Objectives of the Meeting
In view of the f o r e g o i n g , the meeting has been convened to deal w i t h and f o r -
mulate gu ide l ines f o r the f o l l o w i n g o b j e c t i v e s :
• To review the present s t a t e of knowledge regard ing
e c o c l i m a t i c c l a s s i f i c a t i o n , w i t h emphasis on agronomic
re levance , and to i d e n t i f y gaps in research.
• To understand the present methodologies in the
c l a s s i f i c a t i o n o f c l i m a t e .
• To evolve a f u t u r e plan of ac t i on i n v o l v i n g the
i d e n t i f i c a t i o n o f p r i o r i t y areas o f research and
fo rmu la t i on of hypotheses f o r each a rea , and
• To e s t a b l i s h a network of research i n s t i t u t e s t h a t
w i l l produce i d e a s , c o l l a b o r a t i v e work , and research
resu l t s t ha t can be d isseminated.
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SUMMARY
Two approaches to climatic classification - divisive and agglomera-
tive - are possible. Among the divisive classification systems, 
those of Koppen and Thornthwaite are discussed in relation to their 
applicability to the tropics. Spatial and temporal variations in 
rainfall need to be considered. With the recent advances in elec-
tronic computers, the agglomerative kinds of classification appear 
to be promising. In applying climatic classification systems to 
crop planning, use of satellite imagery should be useful. 
*A.T. Grove is Lecturer in Geography, Department of Geography, Downing Place,
Cambridge CB2 3EN, England.
CLIMATIC CLASSIFICATION:
CONCEPTS FOR DRY TROPICAL ENVIRONMENTS
A.T . Grove*
CONCEPTS FOR DRY TROPICAL ENVIRONMENTS
C l a s s i f i c a t i o n s , i f they are to be u s e f u l , should be w ide ly understood and
accepted. One of t h e i r main func t i ons is to a l l ow a s i n g l e d e s c r i p t i v e term
to encompass a la rge number of i n d i v i d u a l cases. In an environmental context
t h i s may a l l ow areas to be charac te r ized and boundaries to be drawn around
contiguous areas t ha t can be regarded as homogenous in c e r t a i n respec ts . The
term region is o f ten app l ied to such mappable u n i t s .
C l a s s i f y i n g p lan ts and animals tha t breed and m u l t i p l y is somewhat eas ie r
than c l a s s i f y i n g phenomena l i k e s o i l s and c l imate t ha t form cont inua vary ing in
t ime and space. Two approaches are poss i b l e , which we can d i s t i n g u i s h as
divisive and agglomerative. 
In d iscuss ing approaches used in c l a s s i f y i n g c l i m a t e s , Virmani e t a l .
(1978) have summarized several c l a s s i f i c a t i o n s . Among the d i v i s i v e k i n d ,
Koppen's (1936) is one of the e a r l i e s t and best known. In se l ec t i ng the values
d e f i n i n g the boundaries of h is c l i m a t i c regions he adopted de Candol le 's (1874)
vegeta t ion c l a s s i f i c a t i o n , and the correspondence between the vegeta t ion and c l i -
matic regions is remarkably good. Such a c l a s s i f i c a t i o n , l i k e t h a t of de
Martonne (1957) , has the advantage of s i m p l i c i t y , a v a i l a b i l i t y of da ta , and
widespread acceptance. It a l lows maps to be made d i s t i n g u i s h i n g the c l i m a t i c
regions on a g l o b a l , c o n t i n e n t a l , or subcont inental sca le .
A more e labora te c l a s s i f i c a t i o n devised by Thornthwaite (1948) concentrates
more d e l i b e r a t e l y on the c l i m a t i c f ac to r s tha t a f f e c t p lan t growth through
the growing season. I t recognizes t h a t whereas temperature is c r i t i c a l in h igh
l a t i t u d e s , a v a i l a b i l i t y o f mois ture i s the c o n t r o l l i n g f a c t o r i n low l a t i t u d e s .
I t r e l a t es a v a i l a b l e r a i n f a l l to p o t e n t i a l evapot ransp i ra t ion by means of the
moisture index, assumes a c e r t a i n s o i l storage capac i t y , and al lows one to t race
the a v a i l a b i l i t y of water f o r p lan ts from month to month through an i n d i v i d u a l
or an average year .
Conceived in the Uni ted States of America, Thornthwai te 's c l a s s i f i c a t i o n
has been app l ied very w ide l y . Carter (1954) c l a s s i f i e d the c l imates of A f r i c a
and Ind ia acco rd ing l y , using a l i m i t e d number of s t a t i o n s , and Krishnan (1968)
produced a more d e t a i l e d map, using not only records from meteoro logica l s t a -
t i o n s , but a lso from p r o v i n c i a l r a i n gauges. The best-known and most w ide ly
accepted c l a s s i f i c a t i o n of the dry c l ima tes , t ha t prepared by Meigs (1953) in
connect ion w i t h the a r i d zone program of UNESCO, is based on Thornthwai te .
Cer ta in defects appear when Thorn thwai te 's c l a s s i f i c a t i o n is app l ied to
the t r o p i c s . His values f o r p o t e n t i a l evapot ransp i ra t ion were developed from
the r e l a t i o n s h i p between temperature and water losses from mo is t , vegeta t i ve
surfaces in the USA. These values have been found to underrate water losses in
the t r o p i c s , where dry seasons are commonly more intense than in North America.
The expression used f o r c a l c u l a t i n g p o t e n t i a l evapo t ransp i ra t ion can be modi-
f i e d accord ing ly . The f i g u r e Thornthwai te adopted f o r s o i l water storage was
100 mm, but values as high as 400 mm are bel ieved to be more appropr ia te f o r
some s o i l s .
In the review of c l imate in r e l a t i o n to d e s e r t i f i c a t i o n t ha t he prepared
f o r the U.N. D e s e r t i f i c a t i o n Conference held in Nairobi in 1977, Hare (1977,
pp.71 and 118-120) p re fe r red to use Budyko's (1974) r a d i a t i o n a l index of d ry -
ness in d e f i n i n g the a r i d zone and i t s subd i v i s i ons . Here the dryness r a t i o ,
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In dry areas the r a t i o is comparat ive ly h i g h , w i t h semi-desert f a l l i n g between
2 and 3. The c l a s s i f i c a t i o n has the de fec t t ha t i t is troublesome to c a l c u l a t e
the r a d i a t i o n balance, no tab ly because i t i s necessary to adopt values f o r
albedo. In any case, as Hare demonstrates, the correspondence in the t r o p i c s
between the i s o l i n e s of Budyko, Thorn thwa i te , and Meigs is good, so there would
not seem to be any p a r t i c u l a r advantage in using Budyko's approach.
In f a c t i t seems doubt fu l to me whether i t is worth a t tempt ing to r e f i n e
c l a s s i f i c a t i o n s of c l ima te very much f u r t h e r unless one has ra the r s p e c i f i c
t a rge t s in view. One recognizes t h a t , e s p e c i a l l y in the t r o p i c s , even r a i n f a l l
observat ions are s p e c i f i c to the p a r t i c u l a r place where they are made; I under-
stand t h a t even w i t h i n the ICRISAT domain annual t o t a l s recorded vary markedly
from 1 r a i n gauge to another . A d m i t t e d l y , over a long per iod of years the spa-
t i a l v a r i a t i o n s in means w i l l d i m i n i s h , but the f a c t remains t h a t c l imates do
vary over qu i t e shor t d is tances according to topographic and o ther cond i t i ons
of which i t is not always easy to take account.
More impor tant than s p a t i a l incons is tency is the v a r i a b i l i t y o f c l ima te
from year to year . According to Virmani e t a l . (1978a), Hargreaves (1971) r e -
cognizes t h i s as a problem, and h is c l a s s i f i c a t i o n compares p o t e n t i a l evapo-
t r a n s p i r a t i o n w i t h the 75% p r o b a b i l i t y of p r e c i p i t a t i o n . However much one
attempts to take i n t o account r a i n f a l l v a r i a b i l i t y , the problem w i l l remain
t h a t such v a r i a b i l i t y is not random and p roper l y speaking cannot be t r ea ted as
such. There are pers is tence e f f e c t s ; dry years and s t i l l more, dry months,
tend to be c l us te red toge ther in t ime s e r i e s . Steps occur t ha t r e s u l t in the
mean values f o r 1 run of years sometimes d i f f e r i n g markedly from the means of
a succeeding run . Longterm t rends are very seldom d i s t i n g u i s h a b l e . Regular
p e r i o d i c i t i e s are less ra re but not s u f f i c i e n t l y we l l es tab l i shed to a l low
p r e d i c t i o n .
I t can we l l be argued t h a t f o r spec ia l purposes v a r i a b l e s a d d i t i o n a l
to temperature and p r e c i p i t a t i o n should be employed in d i s t i n g u i s h i n g and
cha rac te r i z i ng c l i m a t e s . I t would seem l i k e l y t h a t t h i s can best be done
by t u r n i n g to agglomerat ive kinds of c l a s s i f i c a t i o n s t h a t can be r e a d i l y used
i f e l e c t r o n i c computers are a v a i l a b l e . I cannot c la im any expe r t i se in these
matters and I see t h a t accord ing to the program, Mrs. Gadgil is to d iscuss the
use of p r i n c i p a l component a n a l y s i s . I w i l l merely p o i n t to papers t h a t have
been w r i t t e n by 2 s c i e n t i s t s at A u s t r a l i a ' s Council of S c i e n t i f i c and Indus-
t r i a l Research Organ i za t i on , Russel l and Moore (1970 and 1976). They p o i n t to
the p o s s i b i l i t y of using computer methods such as s i m i l a r i t y c o e f f i c i e n t s ,
grouping procedures, sequent ia l ana lyses , as we l l as p r i n c i p a l coord inates
a n a l y s i s , f o r de tec t i ng homoclimates or i s o c l i m a t e s . They have analyzed the
pa t te rn of data from 300 s t a t i o n s in A f r i c a and A u s t r a l i a ( the number they
could use was l i m i t e d by computer c a p a c i t y ) , t a k i ng 16 c l i m a t i c a t t r i b u t e s on
a monthly b a s i s , g i v i n g 192 a t t r i b u t e s per s t a t i o n . Analyses based on the
whole y e a r , on the summer, and on the w i n t e r a l lowed them to produce dendro-
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D = R/LP D = Budyko's dryness r a t i o
R = r a d i a t i o n balance
P = mean annual p r e c i p i t a t i o n
L = l a t e n t heat of vapo r i za t i on
D, is der ived from the mean annual net r a d i a t i o n at a l o c a t i o n d i v i ded by the
heat energy requ i red to evaporate the p r e c i p i t a t i o n f a l l i n g a t t h a t l o c a t i o n :
grams and to group s ta t i ons i n t o 20, 30, and 40 se t s . The s t a t i o n s w i t h i n
each set f a l l w i t h i n a few regions tha t can be mapped. Once the data have
been assembled and stored one c l e a r l y has a very adaptable too l a v a i l a b l e f o r
drawing up c l a s s i f i c a t i o n s to s u i t p a r t i c u l a r purposes. One can decide to
i n c l u d e , exc lude, or weight i n d i v i d u a l a t t r i b u t e s and produce maps f o r i n d i v i -
dual years or sets of years .
The problem remains of r e l a t i n g the growth h i s t o r y of p a r t i c u l a r crops
and s t r a i n s of crops to the sequence of weather events in a p a r t i c u l a r year ,
or the average year (however t ha t is de f i ned ) . B i shno i ' s (1977) paper on c rop-
weather models f o r Sikar is i n t e r e s t i n g in t h i s respect . He has compared the
performance of 4 d i f f e r e n t crops in the course of 4 p a r t i c u l a r years w i t h the
weekly values of the c l i m a t i c elements. In c a l c u l a t i n g water a v a i l a b i l i t y he
has used Penman's formula (1948) ra ther than Thorn thwa i te ' s , and as it happens
the years he has chosen, 1970-73, cover a wide range of c l i m a t i c c o n d i t i o n s .
I would suspect t h a t the kinds of data he has handled could be computerized
in such a way as to ob ta in a d isp lay or p r i n t o u t s i m i l a r to h is useful d i a -
grams.
I r e a l i z e t h a t I am wandering away from the sub ject of c l i m a t i c c l a s -
s i f i c a t i o n and I w i l l wander a l i t t l e f u r t h e r , in the hope tha t my d ive rs ions
may s t imu la te some d iscuss ion of unorthodox procedures tha t may even tua l l y be
produc t i ve . W r i t i n g to Dr. Virmani l a s t year , I speculated on the p o s s i b i l i t y
of b r i ng ing together c l i m a t i c da ta , cropping data , and s a t e l l i t e imagery.
S a t e l l i t e p i c tu res are normal ly produced from data tha t have been t r a n s -
m i t t ed from sensors on s a t e l l i t e s and recorded on tapes. From the tapes the
p ic tu res are made on scales of between 1:1 m and 1:0.25 m, tha t is 1 mm:l km
and 4 mm:l km. Such p i c t u res taken in the growing season are l i k e l y to be
obscured by c l o u d , and there may be other d i f f i c u l t i e s .
Many of the p i c tu res used today employ " f a l s e c o l o r s , " the images
sensed at d i f f e r e n t wavelengths being p r i n t e d in d i f f e r e n t co lors se lected
to b r ing out fea tu res of i n t e r e s t being s tud ied by the s p e c i a l i s t i nvo lved .
In some cases, of course, such a s p e c i a l i s t may be an agronomist, and the
p ic tu res he uses may provide in fo rmat ion about the d i s t r i b u t i o n and hea l th
of p a r t i c u l a r crops. What I have in mind is the p o s s i b i l i t y of using s a t e l -
l i t e imagery and the f a l s e co lo r p r i n c i p l e f o r po r t ray ing c l i m a t i c da ta .
One can r e a d i l y imagine the k ind of p i c t u r e t ha t might r e s u l t from p r i n t i n g
p r e c i p i t a t i o n in shades of blue on top of po ten t i a l evapo t ransp i ra t ion in
shades of ye l l ow . The co lo r pa t te rns t ha t emerge might be compared w i t h the
performance or the percentage area occupied by s p e c i f i c crops.
I am making the po in t t h a t the v isua l percept ion of c l i m a t i c v a r i a t i o n
from 1 area to another is impor tan t . I f c l a s s i f i c a t i o n s of c l imate become
too e laborate and d i f f i c u l t f o r the nonspec ia l i s t to understand and apprec ia te
they are not of much va lue . I am i n c l i n e d to t h i n k t ha t at l eas t as much
a t t e n t i o n must be paid to the quest ion of presenta t ion of the r e s u l t s in a way
t h a t is v i s u a l l y a t t r a c t i v e and i n fo rma t i ve as to the f u r t h e r re f inement o f
a n a l y t i c a l techniques.
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CLASSIFICATION OF THE SEMI-ARID TROPICS:
CLIMATIC AND PHYTOGEOGRAPHIC APPROACHES
V.M. Meher -Homj i *
SUMMARY
The arid and the semi-arid zones of India merit classification 
within the tropics because the term subtropical is unsuitable from 
the point of view of vegetation. The climatic and phytogeogr'aphic 
approaches are reviewed for their suitability to assess the degrees 
of aridity and semi-aridity. 
This paper also highlights the variability in the amount of 
rainfall, its duration, and seasonal distribution, and points out 
the need to delineate a probable year rather than an average year, 
taking into consideration the instability of the climates of the 
dry belts. The natural vegetation that expresses the variability 
of the climate provides convenient guidelines for delimiting the 
arid, serm'-arid, and marginal subdry zones. In the last category, 
it is mainly through excessive anthropogenic interference that the 
terrain becomes drought-prone. Those areas of peninsular India 
having good forest formation or those containing teak or sal forest 
may be excluded from the arid or the semi-arid category; a probable 
exception may be the Acacia-Anogeissus pendula forests of the 
Aravallis, but these are, in fact low or open formation. 
*Dr. Meher-Homji i s B i o c l i m a t o l o g i s t a t the I n s t i t u t F ranca is , Pond icher ry , I n d i a .
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TROPICAL VERSUS SUBTROPICAL LOCATION OF THE DRY ZONES
In order to d e l i m i t the semi -a r id t r o p i c s , we must f i r s t de f ine the t r o p i c s
and then the semi -a r id areas w i t h i n the t r o p i c a l b e l t .
As the deserts of the wor ld are genera l l y concentrated in the geogra-
phic l a t i t u d e s of the sub t rop i cs , t he re is a tendency to assoc ia te the a r i d
zones w i t h the sub t rop ica l c l ima tes . Ev ident ly t h i s assoc ia t i on is not whol ly
c o r r e c t , as Hyderabad (Pakistan) and Cher rapun j i , located on the same 25°N
p a r a l l e l , wi tness extremes o f r a i n f a l l .
The term subt rop ics has been def ined c l i m a t i c a l l y as areas w i t h tem-
peratures and p r e c i p i t a t i o n genera l l y lower than those in the t r o p i c s or having
ra ins in seasons inverse to those of the t r o p i c s . V e g e t a t i o n a l l y , the sub-
t r o p i c s have been equated w i t h dese r t s , w i th areas having mediterranean types
of sc rubs , or even w i t h the medium e l e v a t i o n of t r o p i c a l h i l l s . In terms of
f l o r a , the d i v e r s i t y is marked, and no t y p i c a l fami l y or even genera can
charac te r i ze the sub t rop i ca l geographic zone.
Champion and Seth (1968) created the sub t rop ica l f o r e s t category as a 
t r a n s i t i o n a l step to pass from the t r o p i c a l to temperate types of I n d i a . They
based the l i m i t s of the sub t rop ica l c l imate on temperature: mean annual value
17° to 24°C, January mean being 10° to 18°C.
Vegetat ion t h a t could perhaps pass as sub t rop ica l in Ind ia pure ly on
account o f i t s e x t r a - t r o p i c a l geographic l o ca t i on i s in a r i d and semi -a r id
zones; the Anogeissus pendula Edgew. f o r e s t of eastern Rajasthan and Bundel-
khand is the case in po in t f o r the semi -ar id zone, and the nor thern t r o p i c a l
desert thorn f o r e s t f o r the a r i d zone.
The Anogeissus pendula f o r e s t type is assigned " t r o p i c a l deciduous
Edaphic" s ta tus by Champion (1936). The Edaphic appendage may be quest ioned
as there is no p e c u l i a r s o i l f a c t o r c o n t r o l l i n g t h i s type. The t r o p i c a l
des ignat ion may be defended by the temperature f i gu res of the meteoro log ica l
s t a t i ons w i t h i n the A. pendula t r a c t . The data monitored at the f o r e s t s i t e s
by thermographs would probably reveal f i gu res d i f f e r e n t from those obta ined
from the observa tor ies loca ted in the towns. However, the most s a l i e n t f a c t
i s t h a t i n s p i t e o f i t s r e s t r i c t e d occurrence i n the sub t rop ica l l a t i t u d e ,
almost a l l the species assoc iated w i t h A. pendula occur f u r t h e r south in the
t r o p i c a l deciduous f o res t s o f pen insu lar I n d i a .
The o ther probable candidate f o r l a t i t u d i n a l s u b t r o p i c a l i t y is the
nor thern t r o p i c a l deser t thorn f o r e s t of Champion, but once again i t s main
cons t i t uen ts l i k e Pvosopis cineraria ( L . ) Druce, Capparis decidua (Forsk . )
Pax, and zizyphus spp. among others a lso occur on the Deccan p la teau .
Thus from the p o i n t o f view of v e g e t a t i o n , i n d i c a t i o n s are t h a t a l l
the dry reg ions , a r i d o r s e m i - a r i d , w i t h i n the Ind ian t e r r i t o r y mer i t c l a s s i -
f i c a t i o n w i t h i n the t r o p i c a l framework.
CLIMATIC CRITERIA OF ARIDITY AND SEMI-ARIDITY
To assess the degrees of a r i d i t y - h u m i d i t y , we have on one hand c l i m a t i c para-
meters and on the o ther p lan t c r i t e r i a . Each has i t s mer i ts and demer i t s .
The l a t t e r ( i . e . , vegeta t iona l fea tu res) however, are in many cases so much
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d is tu rbed or a l t e r e d by man t h a t a ca re fu l i n t e r p r e t a t i o n becomes necessary
so t h a t the p l a n t i n d i c a t o r s can be j u d i c i o u s l y used.
The word a r i d i t y expresses a de f i c i ency of water r e s u l t i n g from e i t h e r
i n s u f f i c i e n t p r e c i p i t a t i o n or from excess of water loss as compared to the
water supply . The a r i d i t y o f a reg ion increases in inverse p ropo r t i on to r a i n -
f a l l , and so d i f f e r e n t l i m i t s o f p r e c i p i t a t i o n have been suggested to de f ine
the a r i d and semi -a r id reg ions . However, these l i m i t s expressed in annual
average p r e c i p i t a t i o n vary from country to country and from author to au thor .
Ar id i ty Based on Precip i ta t ion and Temperature
Under these c r i t e r i a may be mentioned the systems of Koppen (1918, 1936), Lang
(1920) , de Martonne (1926) , Emberger (1930) , and Shanbhag (1956) .
Ar id i ty Based on Prec ip i ta t ion and Evaporation
Formulae of Transeau (1905) , Meyer (1926) , Thornthwai te (1933, 1948), Capot-
Rey (1951) , and Bharucha and Shanbhag (1957) need mention in t h i s ca tegory .
A r i d i t y Based on P r e c i p i t a t i o n and Re la t i ve Humidi ty
Mangenot's (1951) c o n t r i b u t i o n f o r t r o p i c a l A f r i c a may be l i s t e d here.
Ar id i ty Based on Number of Dry Days
Reference may be made to the works of S te fano f f (1930) , Thomas (1932) , Walter
( c f . Moreau 1938), A u b r e v i l l e (1949) , and Bagnouls and Gaussen (1953) .
However, a p p l i c a t i o n of the above-mentioned formulae to 78 representa-
t i v e s t a t i o n s of the Ind ian subcont inent has shown t h a t none of these formulae
give p e r f e c t l y s a t i s f a c t o r y r e s u l t s i n c l a s s i f y i n g a l l the s t a t i o n s accord ing
to t h e i r vege ta t ion types (Meher-Homji 1962).
Ar id i ty Based on the Precipi tat ion-Evapotranspirat ion Ratio
There has been recent t r end in the use of t h i s r a t i o as a measuring t o o l .
UNESCO (1979) and Chowdhury and Sarwade (1980) have used Penman's formula
of e v a p o t r a n s p i r a t i o n , whereas Virmani e t a l . (1978a) have considered T r o l l ' s
formula as we l l as t h a t of Penman.
Degrees of Ar id i ty
Several degrees of a r i d i t y may be recogn ized. The ext remely a r i d zones are
the ones not exper ienc ing any r a i n f o r more than a year at a s t r e t c h . Only
a very small p o r t i o n of the extreme western Rajasthan belongs to t h i s c a t -
egory. In o ther cases there may be a few sporadic showers but of very low
i n t e n s i t y and du ra t i on so t h a t in a l l 12 months in a year no month may be
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charac te r i zed as humid. Subsequent degrees of decreasing a r i d i t y may be rec-
ognized on the basis of the number of dry months. Def in ing a dry month in
terms of r a i n f a l l poses several problems; the d e f i n i t i o n of Bagnouls and
Gaussen (1953) , though e m p i r i c a l , is shown to be of p r a c t i c a l use (Meher-
Homji 1963,1965 b) The length of the dry per iod in i t s e l f does not convey a 
t rue p i c t u r e of one a r i d i t y , and the amount of p r e c i p i t a t i o n must a lso be
taken i n t o cons ide ra t i on . A s t a t i o n , such as Bombay, rece i v i ng 2000 mm of
r a i n f a l l annual ly has a dry season of 8 months; but Mysore having a dry season
of 4 months may have an annual average r a i n f a l l of 800 mm.
Therefore in my index of a r i d i t y - h u m i d i t y (1962, 1965a), I proposed
a combination o f the value o f the " p r e c i p i t a t i o n q u a n t i t y " f a c t o r w i t h t h a t
of the length of the dry p e r i o d . The s ta t i ons having the index values 8.5 to
10.5 charac te r i ze the semi -a r id zones and correspond to the thorn f o r e s t . Index
values of 11 to 12 correspond to desert vegeta t ion t y p i f y i n g the a r i d zones.
According to t h i s c l a s s i f i c a t i o n , there are 2 main be l t s of semi -a r id c l imates
in I n d i a , 1 in the nor th contiguous w i th the desert of Thar and the o ther in
the south ( F i g . 1 ) . The nor thern zone l i e s between 22 and 32° N and between
70 and 79° E, compris ing par ts of Rajasthan, Punjab, U t ta r Pradesh, Madhya
Pradesh, and northwest Gu jara t . The southern semi -a r id zone, s i t u a t e d between
15 and 21° N and 73.5° and 79.5° E, inc ludes the Deccan p la teau . Besides,
there are 2 small patches of semi -a r id c l imate in the sou th ; one in the
region of Coimbatore s i t u a t e d in the shadow of the N i l g i r i and the Palni
h i l l s , the o ther in the extreme southeast corner o f Ind ia compris ing par ts
of the Ramananthapuram-Tirunelveli d i s t r i c t s of Tamil Nadu. The semi -a r id
regions of nor th and south are separated by a narrow humid s t r i p compris ing
the h i l l y reg ion of the Stapura Mountains and the p l a i n of the Tapt i R iver .
The a r i d c l imate occurs in the extreme northwest corner of Rajasthan
and in Pak is tan . These l i m i t s o f a r i d and semi -a r id c l imates t a l l y we l l w i t h
the r e s u l t s given by Bagnouls and Gaussen's 1957 c l a s s i f i c a t i o n of b i o l o g i c a l
c l imates (Meher-Homji 1967).
Another approach t h a t I fo l lowed (1972) to def ine the a r i d regions is
to apply the c l i m a t i c formulae of several authors (discussed in Meher-Homji
1967). The s t a t i o n s t h a t were considered to be a r i d , according to the formulae
of a l l authors f o r each yea r , were c l a s s i f i e d as iruly arid. A lower degree of
a r i d i t y may be assigned to s t a t i o n s t ha t turned out a r i d on the average based
on these fo rmu lae , al though a l l the years d id not f a l l i n t o the a r i d category .
Fur ther degrees may be recognized on the basis of the number of formulae c l a s -
s i f y i n g the s t a t i o n s as a r i d , s e m i - a r i d , o r subhumid. F i n a l l y , the c l i m a t i c
regimes ( the season of occurrence of r a i n )
1
 may vary f o r the s t a t i o n s having
the same degree of a r i d i t y .
S t a b i l i t y of Climate
From the above paragraph, i t can be seen t h a t the c l i m a t i c data are sub jec t to
1. The regime based on the season of occurrence of ra ins is e i t h e r of t r o p i c a l ,
medi ter ranean, b i x e r i c , o r i r r e g u l a r t ype . In the t r o p i c a l regime ra ins are
concentrated in summer, and in w i n t e r - s p r i n g in the mediterranean regime. The
b i x e r i c type is charac te r i zed by 2 dry per iods and 2 ra i ny seasons in a yea r .
The remaining t y p e , w i thou t seasonal rhythm, is termed i r r e g u l a r .
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Figure 1: Arid and semi-arid regions of the Indian subcontinent 
(from Meher- Homji 1965a).
st rong i n t e r y e a r l y f l u c t u a t i o n s , e s p e c i a l l y in the dry zones (Meher-Homji
1971, 1972, 1973). There are v a r i a t i o n s not on ly in the amount of r a i n f a l l ,
but a lso in i t s du ra t ion and regimes. In 1972 I proposed the assessment of
c l ima te in terms of a probable year than in terms of an average y e a r , as the
l a t t e r tends to mask the b i o c l i m a t i c phenomena.
The degree of c l i m a t i c s t a b i l i t y o f 31 s t a t i o n s of the Ind ian sub-
con t i nen t (Table 1) was es tab l i shed on the bas is of the percentage of the
number o f years t h a t t a l l y w i t h the probable y e a r , the l a t t e r being def ined as
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Arid regions with the values of the index (S + X) 11 to 12
Semi- orid with the values of the index (S+X)
Mean temperature of the coldest month 10°C
Mean temperature otthe coldest month 15°C
Mean temperature of the coldest month 20°C
8
1
/2 to 10
1
/2
one dur ing which the values of p r e c i p i t a t i o n , r a i ny days, and dry months
correspond to the f i gu res of the mean value (plus or minus the standard dev ia -
t i o n ) and the regime is of the most common t y p e ( s ) . The more s tab le the
c l i m a t e , the higher the percentage of years t a l l y i n g w i th the probable year .
Only a few i n d i v i d u a l years agree w i t h the probable year in the case of un-
s tab le c l ima tes . In Table 1, at one extreme l i e s Ahmedabad w i t h 65% of the
years conforming to the pa t te rn of the probable year in a l l 4 f a c t o r s . At
the other extreme is Dera Ismai l Khan, w i t h only 8 years agreeing w i t h the
probable y e a r , in which case ne i the r the average year nor the probable year
app l ies in view of the small number f a l l i n g w i t h i n the l i m i t s set by the
probable t ype .
Table 1. Degree of stability of 31 stations of the Indian subcontinent
(Meher-Homji 1974). 
Percentage No. Percentage No.
of years of years
t a l l y i n g w i t h t a l l y i n g w i t h
S t a t i o n probable year S ta t ion probable year
Ahmedabad 65 G i l g i t 39*
Peshwar 60* Dalbandin 39
Sriganganagar 60* Bombay 38
Sib i 57* Drosh 38*
Bannu 56* Kalat 35
Las Bela 56* Srinagar 33*
Parachinar 49* Wana 33*
New Delhi 49* Sukkur 33*
Rawalpindi 48* Barmer 33*
S i a l k o t 47* Lahore 32
Ambala 46* Nokkundi 3 1 *
Miranshah 44* Coimbatore 30*
For t Sandeman 44 Murree 28
Quetta 42 Chitradurga 20
Chaman 41 Dera Ismail Khan 8
Sholapur 40*
* P r o b a b l e r e g i m e o f m o r e t h a n one t y p e
Given the v a r i a b i l i t y o f the c l i m a t i c f a c t o r s , another l o g i c a l approach
would be to d e l i m i t the b i o c l i m a t i c zones pure ly on the basis of the na tu ra l
vege ta t i on . The p lan t cover is a good i n d i c a t o r of the environmental cond i t i ons
and a lso i n t eg ra tes the v a r i a b i l i t y aspect o f c l ima te . Fu r the r , the r e g i o n s ,
der ived from vege ta t iona l c r i t e r i a correspond to the var ious land u n i t s having
a c e r t a i n eco log i ca l u n i f o r m i t y and a p a r t i c u l a r degree of a r i d i t y .
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THE PHYTOGEOGRAPHIC CRITERIA
These may be reviewed under the f o l l o w i n g heads: f l o r i s t i c , morpho-ecological
or epharmonic, agronomic, and v e g e t a t i o n a l .
F l o r i s t i c Cr i t e r i a
The f a c t t ha t there are c e r t a i n spec ies , i f not genera and f a m i l i e s , pecu l i a r
to the a r i d or the humid regions makes i t poss ib le to de l inea te these regions
on a f l o r i s t i c bas is . The c h a r a c t e r i z a t i o n of f l o r a l elements as Sahara-Sindian
impl ies a r i d c o n d i t i o n s , wh i l e Sudano-Deccanian and Malayan r e f e r to semi -a r id
and humid c o n d i t i o n s , r e s p e c t i v e l y . The r e l a t i v e percentage of d i f f e r e n t f l o r a l
elements in the f l o r a o f a given reg ion could a lso r e f l e c t i t s c l i m a t i c con-
d i t i o n s . The semi -a r id zones of nor thern and southern Ind ia have been char-
ac te r i zed on the basis of f l o r i s t i c elements (Bharucha and Meher-Homji 1965).
F l o r i s t i c s t a t i s t i c s such as the number of species per area have been
used in combination w i t h the c l i m a t i c characters to g ive an i n d i c a t i o n of the
b i o c l i m a t i c degrees of a r i d i t y - h u m i d i t y (Meher-Homji 1975).
Morpho-Ecological Cr i t e r i a
These are manifested by the adaptat ions of p lan ts to the c l i m a t e . For example,
the percentage of xerophytes tends to be h ighest in the dry regions and lowest
in the perhumid. In the same way, the prevalence of c e r t a i n types of growth
forms or l i f e forms is c o n t r o l l e d by c l i m a t e , as shown by Raunkiaer (1934). On
the basis of h is b i o l o g i c a l s p e c t r a , he proposed phanerophyt ic phytoc l imate
f o r the humid t r o p i c s , t he rophy t i c f o r the dese r t , and hemicryptophyt ic in the
greater par t of the co ld temperate zone. I have t raced (1964) the gradual
evo lu t i on of the phanerophytic ( t r e e ) l i f e form of the humid regions of Ind ia
from the therophytic (annual growth form) of the a r i d regions and the thero-
chamaephytic type of the semi -a r i d reg ions .
Agronomic Cr i te r i a
From the agronomic p o i n t of v iew, Meigs (1952) classes regions as a r i d where
the q u a n t i t y o f r a i n i s not s u f f i c i e n t f o r any type o f c u l t i v a t i o n . In the
semi -a r id reg ions , the p r e c i p i t a t i o n i s s u f f i c i e n t f o r c e r t a i n dry types o f
crops o n l y ; f u r t h e r , grasses c o n s t i t u t e an impor tant element of the na tu ra l
vege ta t ion .
A somewhat d i f f e r e n t d e f i n i t i o n is given by Contreras Ar ias ( c f .
Whyte et a l . 1959). In the semi -a r id zone the cereal product ion is very i r r e g -
u la r and 50% or more is l o s t each year due to lack of p r e c i p i t a t i o n . In the
a r i d zone, the crop c u l t i v a t i o n i s almost impossib le w i t hou t i r r i g a t i o n .
Vegetational Cr i te r ia
The f l o r a of a reg ion is an enumeration of species growing t h e r e . The vege-
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t a t i o n o f the reg ion i s the p lan t cover t ha t c lo thes i t . I t i s formed o f
species associated in d iverse q u a n t i t i e s and p ropor t ions to c o n s t i t u t e the
landscape. Whereas f l o r a are the r e s u l t of b i o l o g i c a l e v o l u t i o n and geo-
l o g i c a l h i s t o r y , vegeta t iona l aspects are above a l l the expression of the
p r e v a i l i n g eco log ica l c o n d i t i o n s . S im i l a r c l imates induce the emergence of
s i m i l a r kinds o f p l an t s t r u c t u r e , in the physiognomic sense, in w ide ly sepa-
ra ted par ts of the w o r l d . The c l imate s t r i k e s at the s t r u c t u r e of the vege-
t a t i o n whatever i t s f l o r i s t i c composi t ion. Based on physiognomy are recog-
nized types o f vegeta t ion l i k e r a i n f o r e s t , deciduous f o r e s t , thorn f o r e s t ,
s teppe, savanna, e t c .
The physiognomic aspect of the a r i d region is poor, scanty , xerophyt ic
v e g e t a t i o n , w ide ly d ispersed , leav ing la rge areas bare. The semi -a r id regions
comprise the steppe and the t h o r n - f o r e s t fo rmat ions ; whereas the steppe is the
expression o f the co ld semi -a r id c l i m a t e s , the thorn f o r e s t is the r u l e under
hot but equa l l y dry reg ions .
The f o l l o w i n g vegeta t ion types of Ind ia may be l i s t e d under the ca te -
gory " a r i d " in i t s broadest sense in decreasing order o f a r i d i t y : (1) Calli-
gonum polygonoides; (2) Prosopis cineraria, Capparis decidua, Zizyphus, and
Salvadora; (3) Acacia and Capparis decidua; (4) Acacia Senegal and Anogeissuc 
pendula; and (5) Acacia catechu and Anogeissus, pendula. The a r i d zone in the
c l a s s i c a l sense would inc lude only the f i r s t 2 t ypes , i . e . , Calligonum; and
Prosopis, Capparis, Zizyphus, and Salvadora. The type Acacia-Capparis would
charac te r i ze the semi -a r id zone of Rajasthan, northern Gu ja ra t , and the Deccan.
The Acacia p lan i frons type ( the southern umbrella thorn f o r e s t of Champion
1936) and the Acacia - Anogeissus, pendula types of the A r a v a l l i s would a lso be
inc luded in the t y p i c a l semi -a r id c l ass . Figure 2 shows the p o t e n t i a l areas of
the major vegeta t ion types of I n d i a .
Some o ther t ypes , Such as Anogeissus, pendula and Anogeissuc latifolia, 
Albizia amara; A. amara and Anogeissuc, lati folia; Hardisickia b ina ta and A. lati-
folia, which do not inc lude teak (Tectona grandis L , f . ) and mostly f r i n g e the
semi -a r id Acacia - Capparis Community, may be inc luded under the marg ina l l y
subdry ca tegory , as they grow under cond i t ions less favorable than the subhumid
b e l t where teak makes i t s appearance.
One may wel l quest ion the placement of f o res ts and other arborescent
format ions of these marginal types in the a r i d category. However, a l though the
optimum physiognomic s ta te t ha t these types reach is a f o r e s t ; under pressure
of a high dens i ty of man and h is domesticated animals, the woodlands o f ten
degenerate i n t o t h i c k e t s and savannas, and such format ions are f r equen t l y sub jec t
to water s t ress (Meher-Homji 1977).
The des t r uc t i ve a c t i v i t i e s of man have t h e i r repercussions on the c l i m a t e .
For example, our l a t e s t study shows t h a t l a rge-sca le de fo res ta t i on r e s u l t s in
d e c l i n i n g p r e c i p i t a t i o n . We measured the area of de fo res ta t i on around 28 s t a -
t i ons of western Karnataka by comparing the o ld Survey of Ind ia toposheets w i t h
recen t l y rev ised maps. Wherever the ex ten t of f o r e s t c learance exceeded 25%
of the area w i t h i n a radius of 16 km around a s t a t i o n , 7 to 11 c r i t e r i a out of
12 of r a i n f a l l and ra iny days revealed a waning tendency. Where the de fo res ta -
t i o n has been n e g l i g i b l e , 3 or fewer c r i t e r i a presented a decreasing t rend
(Meher-Homji 1980).
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USE OF PRINCIPAL COMPONENT ANALYSIS
IN RATIONAL CLASSIFICATION OF CLIMATES
S u l o c h a n a G a d g i l and N.V. J o s h i *
SUMMARY
Principal component analysis is applied to the mean pentad rainfall-
data of 145 stations in the Indian region to derive patterns of 
temporal variation in terms of which the differences in the profiles 
are most strikingly exhibited. It is found that all the profiles 
can he adequately represented as superimpositions of 2 leading 
eigenvectors. Natural groups of the stations can thus he identified 
by a cluster analysis of the distribution of points representing the 
stations in the coordinate space of the associated amplitudes. Such 
a clustering provides a rational classification of the Indian rain-
fall stations. 
*Dr. Gadgil is S c i e n t i s t and Mr. Joshi is Mathematical Programmer at the
Center f o r Theore t i ca l Studies a t the Ind ian I n s t i t u t e o f Sc ience, Bangalore,
I n d i a .
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INTRODUCTION
The c l imate of any l o c a l i t y or region is composed of a great v a r i e t y of e l e -
ments and it may not be poss ib le f o r 2 places to have i d e n t i c a l c l ima tes .
The o b j e c t i v e o f c l i m a t i c c l a s s i f i c a t i o n is to group the innumerable i n d i v i -
dual c l imates in such a way t ha t a l l those having c e r t a i n c h a r a c t e r i s t i c s in
common belong to 1 c l ass . There are a number of ways in which the c l ima te of
any reg ion or the ear th as a whole can be c l a s s i f i e d , according to d i f f e r e n t
choices of the d i s t i n g u i s h i n g a t t r i b u t e s of a c l ass .
There are 2 poss ib le general approaches to the problem of c l i m a t i c
c l a s s i f i c a t i o n . In the f i r s t , the d i s t i n g u i s h i n g a t t r i b u t e s are s p e c i f i e d a 
p r i o r i , and d i f f e r e n t meteoro log ica l s t a t i ons are assigned to a set of p re -
determined classes or ca tego r ies . In the second approach, the problem is
t r ea ted as one of c l u s t e r i n g ra the r than of c l a s s i f i c a t i o n . Thus, given the
nature o f v a r i a t i o n of c l i m a t i c elements over the region of i n t e r e s t , the
o b j e c t i v e is to d iscover c l i m a t i c pat te rns in terms of which the s t a t i o n s can
be sor ted i n t o na tu ra l groups so t ha t the degree of assoc ia t ion is high among
members of the same group and low between members of d i f f e r e n t groups. This
y i e l d s what could be ca l l ed an ob j ec t i ve or r a t i o n a l c l a s s i f i c a t i o n , w i t h
each na tu ra l group or c l u s t e r forming 1 c l ass .
The f i r s t approach has been wide ly used. In t h i s case the choice of
the c r i t e r i a f o r c l a s s i f i c a t i o n is sub jec t i ve and is guided by the a p p l i c a -
t i o n envisaged. Some of the c l a s s i f i c a t i o n s are based on the d i s t r i b u t i o n of
c l i m a t i c elements such as temperature, r a i n f a l l , e t c . The e a r l i e s t c l a s s i f i -
c a t i o n , which d i v i ded the ear th i n t o equa to r i a l o r t o r r i d , temperate, and
po lar zones, belongs to t h i s category. However more complicated func t i ons of
meteoro log ica l v a r i a b l e s , whose v a r i a t i o n may be d i r e c t l y re la ted to t ha t of
v e g e t a t i o n , have also been used to de f ine c r i t e r i a f o r c l a s s i f i c a t i o n s . Thus
Thornthwai te (1948) used a moisture index def ined in terms of the surp lus
water a v a i l a b l e over and above p o t e n t i a l evapo t ransp i r a t i on , as an est imate
o f the i n t e n s i t y o f a r i d i t y o f the s o i l f o r c l a s s i f i c a t i o n o f North America.
In Koppen's c l a s s i f i c a t i o n (1900) , na t i ve vegeta t ion is looked upon as the
best expression of the t o t a l i t y of a c l i m a t e , and the c r i t e r i a f o r determin-
ing c l i m a t i c boundaries are suggested w i t h vegeta t ion un i t s in mind.
We adopt the second approach f o r c l i m a t i c c l a s s i f i c a t i o n of the Ind ian
reg ion . Since in the t r o p i c s the s i ng le most important c l i m a t i c element f o r
vegeta t ion i s the r a i n f a l l , i n t h i s f i r s t ana lys is we u t i l i z e only r a i n f a l l
data f o r the c l a s s i f i c a t i o n . However, i t i s c l ea r t ha t such a c l a s s i f i c a t i o n
can be p e r t i n e n t f o r the associated vegeta t ion and crops only i f i t is based
on a d e t a i l e d temporal p r o f i l e of the r a i n f a l l r a the r than on i t s seasonal or
annual mean. We the re fo re use the c l i m a t o l o g i c a l mean pentad (5-day) r a i n f a l l
p r o f i l e a t s t a t i ons d i s t r i b u t e d throughout Ind ia as the basic data f o r c l a s -
s i f i c a t i o n . Note tha t even when we r e s t r i c t our a t t e n t i o n to a s i n g l e c l i m a -
t i c element ( r a i n f a l l ) the in fo rmat ion to be analyzed is enormous, w i t h 73
values at every s t a t i o n .
However, a l l these 73 pentad r a i n f a l l values are not unco r re l a ted .
Fu r the r , the ex ten t to which the r a i n f a l l in any given pentad va r i es over the
reg ion of i n t e r e s t depends upon the s p e c i f i c pentad. For example, the v a r i a -
t i o n is minimal when the whole reg ion has r a i n l ess s p e l l s . Thus a l l the pen-
tad values are not equa l l y e f f e c t i v e in b r i ng ing out the d i f f e r e n c e s between
the p r o f i l e s at the var ious s t a t i o n s . This suggests the use of p r i n c i p a l
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component a n a l y s i s , which y i e l d s new uncor re la ted va r i ab les ( r a i n f a l l pa t t e rns )
in terms of which the d i f f e rences between the character of the s t a t i o n s are
most e f f e c t i v e l y e x h i b i t e d . We consider here such an a p p l i c a t i o n of p r i n c i p a l
component a n a l y s i s , which has y i e l d e d na tu ra l groups of r a i n f a l l s t a t i o n s
throughout the Indian reg ion .
DATA
The mean pentad (5-day) r a i n f a l l compiled by Ananthakrishnan and Pathan (1971)
from the norms of d a i l y accumulated r a i n f a l l f o r the per iod 1901-50 publ ished
by the Ind ia Meteoro log ica l Department [Undated] is the basic data set f o r t h i s
study. We have considered 145 s t a t i o n s d i s t r i b u t e d throughout the Ind ian r e -
gion ( F i g . 1 ) . Since s t a t i ons loca ted a t high a l t i t u d e s have r a i n f a l l p r o f i l e s
tha t are not t y p i c a l f o r the surrounding geographical r e g i o n , they appear as
anomalies in the c l i m a t i c c l a s s i f i c a t i o n of the region (Gadgil and Iyengar
1980). Hence in t h i s study at the ou tse t we omit a l l s t a t i o n s at a l t i t u d e s
greater than or equal to 2 km. The temporal p r o f i l e at each of the 145 s t a -
t i ons chosen is thus s p e c i f i e d in terms of the 73 pentad va lues , imply ing a 
data mat r i x of 145 x 73.
PRINCIPAL COMPONENT ANALYSIS
Notation and Formulation
We do not expect the 73 pentad values of the mean r a i n f a l l p r o f i l e at any
s t a t i o n to be unco r re la ted . Hence i t is poss ib le to reduce the dimension-
a l i t y requ i red to spec i f y the r a i n f a l l p r o f i l e s and get a more economical
d e s c r i p t i o n t h a t maximizes the d i f f e rences between var ious p r o f i l e s by using
p r i n c i p a l component a n a l y s i s .
The r a i n f a l l R ( i , j ) at s t a t i o n i ( i from 1 to N) in pentad j ( j from
1 to 73) can be expressed as the sum of the products of the c o e f f i c i e n t s or
ampl i tudes An ( i ) , which vary in space and associated temporal p r o f i l e s
Bn ( j ) , i . e . ,
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Bn 's are the e igenvectors of the covar iance mat r i x
where
These e igenvectors are orthonormal and the ind ices are arranged so t h a t the
f i r s t , B i ( j ) , corresponds to the l a r g e s t e igenva lue ; and in general the k
t h
eigenvector B k ( j ) corresponds to the k
t h
 l a r g e s t e igenvalue λk . The k th
Figure 1: The locations of the stations considered in this study. The clusters 
and subclusters to which they belong are shown in Figure 3 (hatched
regions) and Figure 5. 
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p r i n c i p a l component is def ined as the l i n e a r combinat ion of the values at
d i f f e r e n t pentads, w i t h the c o e f f i c i e n t o f the value o f the j t h pentad being
B k ( j ) . The t o t a l var iance vk , exp la ined by the k
t h
 p r i n c i p a l component, is
The f i r s t p r i n c i p a l component has the l a r g e s t var iance of any l i n e a r combina-
t i o n of the pentad values and exp la ins a p ropo r t i on λ1 of the va r iance . Given
B n ( j ) , the ampli tudes A n ( i ) can be r e a d i l y found from the data . Then the
r a i n f a l l p r o f i l e at any s t a t i o n can be expressed as a po in t in the n dimen-
s ional space of the ampl i tudes An .
Characteristics of Rainfal l Patterns
Upon a p p l i c a t i o n of p r i n c i p a l component ana l ys i s to the mean pentad da ta , we
f i n d tha t the f i r s t e igenvalue accounts f o r 80.4% of the var iance and the
second and the t h i r d f o r 10.5% and 3.2%, r e s p e c t i v e l y . Thus the f i r s t 2 
p r i n c i p a l components seem to be adequate f o r desc r ib ing most of the var iance .
The f i r s t e igenvector w i t h s i g n i f i c a n t magnitude from 1 May to 8 October and
a maximum dur ing 5 to 9 Ju ly may be i n t e r p r e t e d as a southwest monsoon com-
ponent ( F i g . 2 ) . In the second e igenvec to r , the premonsoon and postmonsoon
epochs are nega t i ve l y c o r r e l a t e d w i t h the southwest monsoon epoch. A l i n e a r
super impos i t ion of these 2 e igenvectors w i t h a s u f f i c i e n t l y la rge weightage
f o r the second one r e s u l t s in a bi-modal d i s t r i b u t i o n of r a i n f a l l w i t h a 
minimum around August, separa t ing the 2 maxima, as po in ted out by Anantha-
kr ishnan and Pathan (1971).
Figure 2: First 2 eigenvectors from the principal component analysis. 
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CLUSTERING BY A TWO-STEP APPLICATION OF NEAREST CENTROID METHOD
F i rs t -Orde r C lus te r ing
Since the f i r s t 2 p r i n c i p a l components exp la in 90.9% of the va r iance , the
r a i n f a l l p r o f i l e at any s t a t i o n i can be adequately descr ibed in terms of the
associated ampli tudes A1 ( i ) , A 2 ( i ) . Thus every s t a t i o n can be represented as
a po in t in the coord inate space of the amplitudes A1, A2, and the Euclidean
d is tance between po in ts represent ing 2 s ta t i ons in t h i s coord inate space is a 
d i r e c t measure of the d i f f e rence between t h e i r p r o f i l e s . Figure 3 dep ic ts the
loca t i ons o f the s t a t i ons in t h i s coord inate space.
We use the method of nearest cen t ro id s o r t i n g (Anderberg 1973) f o r
determin ing the c l u s t e r s . F i r s t we i d e n t i f y a set of seed p o i n t s , which are
used as c l u s t e r n u c l e i , s u b j e c t i v e l y by an examination of the d i s t r i b u t i o n of
po in ts in the A1-A2 space. For example, f o r the case in Figure 3, we take
po in ts represent ing s t a t i o n s 159, 101 , and 50 as seed po in ts of 3 poss ib le
c l u s t e r s . The po in ts represent ing Mahabaleshwar and Cherrapunj i ( s t a t i o n s
97, 37, r e s p e c t i v e l y ) are i s o l a t e d po in ts t ha t f a l l outs ide the diagram shown.
Next we take any 1 of the remaining s t a t i o n s , measure the d is tance between
the po in t represent ing i t and the 3 seed s ta t i ons in the A1-A2 space, and
assign i t to the c l u s t e r w i t h the nearest seed p o i n t . The cen t ro id o f the
c l u s t e r t h a t has gained in membership is then c a l c u l a t e d . This process is
repeated f o r the next s t a t i o n , which is a lso assigned to the c l u s t e r w i t h
the nearest c e n t r o i d . A f t e r a l l s ta t i ons have been thus assigned, a f i n a l
pass is made, t ak ing the e x i s t i n g cen t ro ids of c l u s t e r s as seed po in ts and
ass ign ing each s t a t i o n to the nearest seed po in t . In the case shown in
Figure 3 , t h i s y i e l d s the c l u s t e r s I , I I , and I I I .
C lus ter I cons is ts of 20 s t a t i o n s , of which 14 are along the west
coast and the res t in the high r a i n f a l l region in the nor theas t . The large
c l u s t e r I I conta ins s t a t i o n s d i s t r i b u t e d over the res t o f the Indian r e g i o n ,
wh i le c l u s t e r I I I is made up of 3 i s o l a t e d h i l l s t a t i ons (F i g . 1 ) . The
s ta t i ons in c l u s t e r I are charac te r i zed by la rger - than-average ampli tude of
the southwest monsoon component, whereas those in c l u s t e r I I are charac te r i zed
by a low ampl i tude of t h i s component. The s ta t i ons Mahabaleshwar and Cherra-
p u n j i , which are s i ngu la r in having excep t i ona l l y large r a i n f a l l , form s i n g l e -
member c l u s t e r s in the network of s t a t i o n s used.
Second-Order C lus te r i ng
The new va r iab les determined by p r i n c i p a l component ana lys is have been e f f e c -
t i v e in b r i ng ing out the d i f f e rences between the s t a t i ons located in the high
r a i n f a l l regions (along the west coast and in nor theastern Ind ia ) and those
in the res t of I nd i a . With respect to these new v a r i a b l e s , the p r o f i l e s of
the s t a t i o n s in the l a t t e r group are ra the r s i m i l a r and they form a densely
packed c l u s t e r in the A1-A2 space. In order to b r ing out the d i f f e r e n c e s , i f
any, between the r a i n f a l l p r o f i l e s of these s t a t i o n s , and hence determine
the subc lus te r s , we repeated the p r i n c i p a l component ana lys is separa te ly f o r
s t a t i o n s belonging to c l u s t e r s I and I I . I t was found t h a t whereas the f i r s t
group d id not y i e l d any subc lus te r s , 12 subc lus ters emerged c l e a r l y from
c l u s t e r I I .
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Figure 5: The stations belonging to cluster II of Figure 3, represented as 
points in thespace of amplitudes of the 2 eigenvectors of 
Figure 4. 
Figure 4: First 2 eigenvectors for the pentad rainfall data of the stations 
belonging to cluster II of Figure 3. 
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The f i r s t 2 e igenvectors f o r t h i s group are shown in Figure 4. The
lead ing e igenvector is p o s i t i v e through most of the year w i t h a maximum
dur ing 25-29 J u l y . I t is negat ive dur ing the nor theast monsoon season, w i t h
maximum negat ive value dur ing 28 October to 1 November. The second e igen-
vec to r , having a l a rge r peak in the l a t t e r season, is a combination of p re -
monsoon and nor theast monsoon. The f i r s t component accounts f o r 58.5%, wh i le
the second component accounts f o r 18.8% of the va r iance . The d i s t r i b u t i o n
of the po in ts represent ing the s t a t i o n s o f c l u s t e r I I in the new coord inate
space of ampl i tude and the r e s u l t i n g c l u s t e r s are shown in Figure 5.
Note t h a t the vast m a j o r i t y of the s t a t i o n s can be unambiguously assigned to
the var ious c l u s t e r s . The geographical l o c a t i o n of these c l u s t e r s is a lso
shown i n Figure 1 , along w i t h t ha t o f c l u s t e r s I , I I , I I I obtained i n the
f i r s t s o r t i n g . I t i s seen t h a t a l l the c l u s t e r s f a l l i n t o geograph ica l l y
contiguous areas.
DISCUSSION
Regions t h a t may be considered as homogeneous w i t h respect to v a r i a t i o n s in
r a i n f a l l p r o f i l e have been i d e n t i f i e d ( F i g . 3) by our a p p l i c a t i o n o f p r i n c i -
pal component a n a l y s i s . I t is impor tant to note t h a t a l though no i n fo rma t ion
about geographical l oca t i ons was used in the a n a l y s i s , in genera l , s t a t i o n s
belonging to a c l u s t e r are found to occur in geograph ica l l y cont iguous areas.
The c l u s t e r s obta ined by the method used have been shown to be s tab le w i t h
respect to changes in network dens i t y (Gadgil and Iyengar 1980). Thus i t
appears t h a t a reasonable f i r s t - o r d e r c l a s s i f i c a t i o n has been achieved.
In a d d i t i o n , t h i s ana lys is i nd i ca tes remarkably smooth behavior o f the
r a i n f a l l p r o f i l e s in the zone of the monsoon t rough . Note t h a t the c l u s t e r s
G to M going from Rajasthan to the Bay of Bengal along t h i s reg ion l i e along
the l i n e dA2/dA1 = -0 .5 in the ampl i tude space of the f i r s t 2 p r i n c i p a l compo-
nents . This suggests t h a t over t h i s b e l t , the p r o f i l e is given by superimpo-
s i t i o n o f the f i r s t 2 e igenvec to rs , w i t h h a l f the weight f o r the l a t t e r , and
v a r i a t i o n s occur l a r g e l y i n assoc ia t i on w i t h those i n the t o t a l r a i n f a l l .
This is s t r i k i n g l y d i f f e r e n t from the behavior in the pen insu lar r e g i o n , where
the p r o f i l e s show f a r g rea te r v a r i a t i o n from c l u s t e r to c l u s t e r .
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CLIMATIC CLASSIFICATION OF THE SEMI-ARID TROPICS
IN RELATION TO FARMING SYSTEMS RESEARCH
S.M. V i r m a n i , M .V .K . S i v a k u m a r , and S . J . Reddy*
SUMMARY
The International Crops Research Institute for the Semi-Arid Tropics 
has a mandate to increase and stabilize the agricultural production 
of these areas. The region is characterised by a highly variable-
low seasonal rainfall. A number of generalized climatic classifica-
tion approaches have been reviewed; of these, the approach suggested 
by Troll to distinguish climates is important. The dry semi-arid 
tropics need to be mapped on the basis of the large volume of rain-
fall and evaporation data that is currently available. This paper 
points out that agroclimatic classification of the semi-arid tropics 
aims at addressing specific problems like risk to crops/cropping 
patterns, likelihood of intra- and inter-seasonal droughts, and 
adequacy of soil moisture in the seeding zone for dry seeding. The 
selection of criteria for each classification should be based on 
empirically derived parameters. 
*S.M. Virmani is P r i nc ipa l Ag roc l ima to log i s t and M.V.K. Sivakumar and S .J .
Reddy are Ag roc l ima to log i s t s in the Farming Systems Research Program at
ICRISAT.
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INTRODUCTION
Divergent statements about t r o p i c a l c l imates in the l i t e r a t u r e seem to c a l l
f o r a c l ea re r d e f i n i t i o n of the c h a r a c t e r i s t i c s and v a r i a b i l i t y o f these
c l imates in r e l a t i o n to a g r i c u l t u r a l a p p l i c a t i o n s . Many misconceptions stem
from the f a c t t ha t the t r o p i c a l c l imates range from extreme deserts to ever-
green t r o p i c a l f o r e s t s , f o r which genera l ized g lobal c l a s s i f i c a t i o n systems
are ra the r broad and of l i m i t e d u t i l i t y . A drawback of most systems is t h a t
t h e i r l i m i t a t i o n s are known only to the meteoro log is ts who devised them and
app l ied them to a p a r t i c u l a r eco log ica l zone.
The cu r ren t and p o t e n t i a l land use of a region is determined by i t s
unique na tu ra l resources ( c l i m a t e , s o i l s , and l i f e f o rms ) , together w i t h
economic and human resources. Land-use planners seek in fo rmat ion on land
c a p a b i l i t i e s and l i m i t a t i o n s . Base- l ine data t h a t descr ibe what is are used
to p r e d i c t what can be. The r e s u l t s must be d isp layed in such a way t h a t
the d i s t r i b u t i o n of resources and t h e i r p o t e n t i a l come out c l e a r l y . Cl imate
maps are essen t ia l f o r dep i c t i ng the land use p o t e n t i a l of d i f f e r e n t regions
of the w o r l d .
Cl imate c l a s s i f i c a t i o n s have assumed var ious forms r e l a t i n g d i r e c t l y
to the s o p h i s t i c a t i o n of the techniques imposed by c l i m a t i c ana l ys t s . This
paper attempts to discuss some of the c l i m a t e - r e l a t e d c l a s s i f i c a t i o n s deve-
loped f o r o r i nc lud ing the semi -a r id t r o p i c s (SAT), and to repor t i n i t i a l
work on the adequacy of r a i n f a l l f o r crops in these areas.
Climatic C lass i f ica t ion: Background
Cl imat i c c l a s s i f i c a t i o n , o r i g i n a l l y a concern of p lan t geographers and b i o l o -
g i s t s , has progressed cons ide rab ly , from the simple d i v i s i o n of hemispheres
i n t o 3 broad temperature zones by the ea r l y Greeks to the soph i s t i ca ted d i v i -
sions proposed by Thornthwai te (1931, 1948). Koppen (1936), o f ten c a l l e d
" the f a t h e r o f modern c l i m a t i c c l a s s i f i c a t i o n , " hypothesized t ha t the d e l i -
neat ion of vegeta t ion boundaries can be accomplished by means of q u a n t i t a t i v e
averages of c l i m a t i c parameters.
Q u a n t i f i c a t i o n of c l imate f o r a g r i c u l t u r a l product ion should be based
on the a b i l i t y of the c l ima te to meet crop demands f o r water and the s u i t a -
b i l i t y o f the thermal regime. Thorn thwa i te 's work in t h i s area is monumental.
The c l a s s i f i c a t i o n s proposed by him are e c o l o g i c a l , making extens ive use of
P-E and P-T ind ices to account f o r f a c t o r s t h a t are d i r e c t l y impor tant in
f u r t h e r i n g p lan t growth. A major problem w i th t h i s type of c l a s s i f i c a t i o n
is the inadequate rep resen ta t ion of the crop demand f o r water .
A c l a s s i f i c a t i o n should d i f f e r e n t i a t e between types and show the
r e l a t i o n s h i p s among them. I t should a lso supply the framework f o r d i f f e r e n t i -
a t i o n of the microc l imates t h a t make up a c l i m a t i c t ype . Thornthwai te (1948)
holds t h a t , no mat ter how numerous or complex the techniques of t h i s f i e l d of
study become, a major problem w i l l remain: "Cl imate is an extremely complex
phenomenon and any c l a s s i f i c a t i o n of i t necess i ta tes great o v e r s i m p l i f i c a t i o n
and invo lves the r i s k o f ser ious e r r o r . "
C l a s s i f i c a t i o n s have ranged from i d e n t i f y i n g broad g loba l zones to
attempts to spec i f y on a l oca l sca le . The work by Trewartha (1968) , Koppen
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(1936) , Thornthwai te (1948), Thornthwai te and Mather (1955) , Hargreaves (1971) ,
and T r o l l (1965) is va luable because the c l a s s i f i c a t i o n s proposed by them rep-
resent q u a n t i t a t i v e systems and numerical values f o r d e f i n i n g the boundaries of
the c l i m a t i c groups.
The Characteristics of the Tropics
While in the astronomic sense the term t r o p i c s r e f e r s to the reg ion between
23°27' North and South p a r a l l e l s , no c l i m a t i c c l a s s i f i c a t i o n accepts these as
the on ly c r i t e r i o n . T r a d i t i o n a l l y , c l i m a t o l o g i s t s have r e l i e d on the atmos-
pher ic c l ima te to de l i nea te the d i f f e r e n t c l i m a t i c t ypes . The c r i t e r i a most
o f ten used are a i r temperature and p r e c i p i t a t i o n .
According to M i l l e r (1971) , "Supan d e l i m i t e d the t r o p i c a l c l imates by
the mean annual isotherm of 68°F (20°C); a c t u a l l y 70°F (21°C) may be a b e t t e r
l i m i t . " Koppen (1931) , in d e f i n i n g the t r o p i c a l b e l t as having 12 months
above 68°F, accepted the temperature of the co ldes t months as the boundary
c r i t e r i o n . Later he p re fe r red the isotherm of 64°F (18°C), which runs very
close to the mean annual isotherm of 70°F. The spec ia l c h a r a c t e r i s t i c of the
hot c l imates is t h a t they e s s e n t i a l l y do not experience temperatures too low
f o r p lan t growth ; even w in te r is warm, and crops r e q u i r i n g cons iderab le heat
to mature and r i pen can be grown at any t ime of the year i f there is s u f f i c i e n t
mo is tu re . Thus, r a i n f a l l a v a i l a b i l i t y w i l l have the dec id ing i n f l uence on the
vegeta t ion types . In Figure 1, the isotherms of 18°C f o r a l l 12 months and the
annual average are shown f o r I n d i a . Table 1 shows t h a t in Sholapur ( L a t . l 7 ° 4 0 ' )
the mean d a i l y maximum a i r temperature is 31°C and the minimum is 16°C in
January, wh i le in New Delhi in the same month the f i g u r e s are 21°C and 7°C,
r e s p e c t i v e l y . Such d i f f e rences have ser ious i m p l i c a t i o n s f o r crop p lann ing .
R a i n f a l l in the t r o p i c s va r ies from p r a c t i c a l l y zero to more than
8000 mm per year . Some areas rece ive more than 400 mm per month wh ich , under
a l l c i rcumstances, exceeds the monthly e v a p o t r a n s p i r a t i o n . At the o ther
extreme, there are t r o p i c a l deserts w i t h no p r e c i p i t a t i o n in any month of
most yea rs . In between, one f i n d s c l i m a t i c types w i t h a l t e r n a t i n g wet and dry
seasons, w i t h 1 or 2 r a i n f a l l s per year . The 1957 diagram of de Martonne,
shown in Figure 2 , i l l u s t r a t e s the monthly d i s t r i b u t i o n o f r a i n f a l l as i t
f o l l ows the zen i t ha l course of the sun. This is an o v e r s i m p l i f i c a t i o n , as i t
d is regards the e f f e c t s o f monsoons and orographic a i r c i r c u l a t i o n .
CLASSIFICATION OF THE SEMI-ARID TROPICS
The semi -a r id t r o p i c s (SAT) pose a unique set of circumstances to those i n v o l -
ved in a g r i c u l t u r a l development programs. On the basis of temperature, such
areas are s u i t a b l e f o r the product ion of any crop t h a t does not requ i re a co ld
per iod i n i t s l i f e c y c l e . Un re l i ab le moisture i s the key l i m i t i n g f a c t o r t o
more s tab le and improved a g r i c u l t u r a l p roduct ion in these reg ions .
In recent y e a r s , there is a growing app rec ia t i on of the c l i m a t i c cons-
t r a i n t s of the SAT, and attempts are being made to increase our understanding
of the crop moisture environment and the du ra t i on of the growing per iod in t h i s
eco log ica l zone. E f f o r t s t o t h i s end w i l l i nvo lve the f i t t i n g o f appropr ia te
crops to c l i m a t i c zones o f g iven c h a r a c t e r i s t i c s . In c e r t a i n instances t h i s
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Figure 1: India, Isotherms of at least 18°C mean annual and mean monthly 
temperature.
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Locat ion La t .
Summer Rainy Winter Annual
Max. Min.
(°C) (°C)
Ave.
(°C)
Max.
(°C)
Min.
(°C)
Ave.
(°C)
Max.
(°C)
Min.
( °C)
Ave.
( °C)
Ave.
(°C)
a) Mean annual temperature 18°C
33.1 35.5 26.1 30.8 21.7 5.5 13.6Hissar 29 10 41.6 24.6 25.1
New Delhi 28 35 40.5 26.6 33.6 33.7 26.1 29.9 21.3 7.3 14.3 25.3
B a r e i l l y 28 22 40.5 25.8 33.1 32.6 25.6 29.1 22.0 8.6 15.3 25.2
Lucknow 26 52 41.2 26.5 33.8 32.5 26.0 29.3 23.3 8.9 16.1 25.9
Gorakhpur 26 45 39.0 25.9 32.5 32.3 26.2 29.3 23.0 9.9 16.5 25.7
b) Mean monthly temperature 18°C
Amraoti 20 56 42.2 27.8 35.0 29.8 23.0 26.4 28.9 15.5 22.2 27.2
Sholapur 17 40 40.4 25.5 32.9 31.3 21.9 26.6 30.8 15.8 23.3 27.1
Vishakha-
patnam 17 43 34.0 27.8 30.9 32.0 26.0 29.0 27.7 17.5 22.6 27.3
Nizamabad 18 40 41.5 27.7 34.6 30.1 23.0 26.5 30.0 15.3 22.6 27.0
Hyderabad 17 27 38.7 26.2 32.4 29.5 22.1 25.8 28.6 14.6 21.6 25.9
a. Based on 1930-1960 norms publ ished by Ind ia Meteoro log ica l Department.
b. Data of the months of May, August, and January have been taken to represent the summer,
r a i n y , and w in te r seasons, r e s p e c t i v e l y .
Table 1: Air temperature for some representative Indian locations.
a
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Figure 2: Theoretical monthly distribution of rainfall between latitudes 
20°N and 20°S, according to de Martonne (1957). 
may requ i r e extens ive crop s u b s t i t u t i o n and i n t r o d u c t i o n . There fore , r e l e -
vant c l i m a t i c c l a s s i f i c a t i o n i s important both f o r de f i n i ng the c l i m a t i c
resources and f o r developing t r ans fe rab le farming systems technology, which
in the SAT tends to be h igh l y l o c a t i o n - s p e c i f i c .
Virmani et a l . (1978) examined 7 important c l i m a t i c c l a s s i f i c a t i o n
systems in r e l a t i o n to the SAT environments (Thornthwaite 1948, Thornthwai te
and Mather 1955, Cocheme and Franquin 1967, Schreiber 1975, Papadakis 1966,
Hargreaves 1971, and T r o l l 1965). They concluded t ha t c l a s s i f i c a t i o n sys-
tems using p r e c i p i t a t i o n and p o t e n t i a l evapot ransp i ra t ion as inputs have
d e f i n i t e advantages because these 2 parameters are of primary importance in
eva lua t ion of the c l i m a t i c moisture adequacy. This has specia l s i g n i f i -
cance in the semi -a r id areas of the wor ld where water is the basic con-
s t r a i n t .
Two of the approaches need specia l ment ion:
1. T r o l l (1965) proposed a c l a s s i f i c a t i o n based on 2 main v a r i a b l e s -
thermal and hyg r i c . The emphasis in t h i s c l a s s i f i c a t i o n is on the du ra t i on
of dry and humid months ra the r than on an assignment of c l i m a t i c boundaries
based on annual values of p r e c i p i t a t i o n , temperature, and humid i t y . Accord-
ing to T r o l l , the f o l l o w i n g c l i m a t i c values prove s a t i s f a c t o r y to exp la in
the vegeta t ion zones of t r o p i c a l A f r i c a and South America.
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The approach used f o r d e f i n i n g humid months is s imple : a month having a 
mean r a i n f a l l exceeding the mean PE is termed a humid month. These data are
a v a i l a b l e from na t iona l meteoro log ica l se rv i ces . The c l a s s i f i c a t i o n proposed
by T r o l l has been adopted by ICRISAT f o r d e f i n i n g the geographical ex ten t of
the semi -a r id t r o p i c s .
2. Hargreaves (1971) developed a "mois ture a v a i l a b i l i t y index" (MAI) ,
which is a measure of the adequacy of p r e c i p i t a t i o n in supply ing crop water
needs. Areas w i t h 3 or 4 consecut ive months w i t h an MAI of more than 0.33
are def ined as s e m i - a r i d . Hargreaves f u r t h e r hypothesized t h a t such areas
are s u i t a b l e f o r the product ion of crops r e q u i r i n g a 3- to 4-month growing
p e r i o d . However, t h i s approach invo lves the computat ion of dependable p r e c i -
p i t a t i o n (PD), which requ i res the c a l c u l a t i o n o f s p e c i f i e d p r o b a b i l i t i e s . For
most cases, he def ined PD at the 75% p r o b a b i l i t y l eve l of the expected r a i n -
f a l l . MAI is a r a t i o of PD/PE, where PE is the mean p o t e n t i a l evapo t ransp i -
r a t i o n .
Ca lcu la t i ons o f p r e c i p i t a t i o n p r o b a b i l i t i e s requ i re long- te rm r a i n f a l l
records and are based on the choice of a s u i t a b l e mathematical f u n c t i o n t h a t
a p p r o p r i a t e l y descr ibes the d i s t r i b u t i o n o f r a i n f a l l i n a p a r t i c u l a r c l i m a t i c
zone. These r e q u i s i t e s impose a ser ious r e s t r i c t i o n on the u n i v e r s a l i t y of use
of MAI in c l i m a t i c c l a s s i f i c a t i o n systems.
The c l a s s i f i c a t i o n systems of Hargreaves and T r o l l are somewhat unique
because average annual amounts of r a i n f a l l are not c r i t i c a l to these systems.
This represents a s t r eng th because the annual average r a i n f a l l indeed says
l i t t l e about the. a g r i c u l t u r a l p o t e n t i a l i n the dry t r o p i c s . I t should be
remembered t h a t the number of months used in the c l a s s i f i c a t i o n c r i t e r i a do
not descr ibe the e n t i r e r a i n y season; r a t h e r , they represent the core of the
ra iny p e r i o d , which bu i l d s up to and drops from those key months. This is
another s t reng th o f the 2 c l a s s i f i c a t i o n systems, f o r there is a d i r e c t c o r r e -
l a t i o n between the o v e r a l l e f f ec t i veness of the r a i n y season and the number of
months w i t h p r e c i p i t a t i o n equal to or more than p o t e n t i a l evapo t ransp i ra t i on
(or PD/PE > 0 .33 ) .
World maps of c l ima to logy were pub l ished by T r o l l in 1965. The number
of observat ions on which t h i s g loba l survey is based is not r epo r ted . The map
on semi -a r id t r o p i c s is q u i t e e f f e c t i v e in g i v i n g a general impression about
the ex ten t and d i s t r i b u t i o n of the SAT. However, a d e t a i l e d study revealed
tha t f u r t h e r re f inements were needed.
The semi -a r id t r o p i c a l regions of Ind ia as c l a s s i f i e d by T r o l l ( F i g . 3 )
show la rge areas of Rajasthan, Gu ja ra t , and pa r t s of Madhya Pradesh in the 2 
to 4.5 humid months' zone, i . e . , the dry semi -a r i d t r o p i c s . The reg ion con-
34
Humid months General vege ta t ion
12 to 9.5 Trop ica l r a i n f o r e s t and t r a n s i t i o n a l f o r e s t
9.5 to 7 Humid savannah
7 to 4.5 Dry savannah (wet -dry semi -a r id t r o p i c s )
4.5 to 2 Thorn savannah (dry semi -a r id t r o p i c s )
2 to 1 Semi-desert ( a r i d )
1 to 0 Desert ( a r i d )
Figure 3: Semi-arid tropics in India, adapted from the World Maps of Cli-
matology published by C. Troll (1965). Names of stations have 
been superimposed by us to define the geographical distribution 
of dry and wet/dry semi-arid tropics in India. We could not 
ascertain the number of locations used for demarcation of the 
boundaries of SAT or the methodology employed to evaluate 
potential evapotranspiration. 
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s t i t u t e s 26% of the t o t a l area of t r o p i c a l Ind ia and represents 47% of the
Ind ian SAT as def ined by him. The wet -dry zone having 4.5 to 7 humid months
forms a 200- to 500-km-wide b e l t running from northwest to south Ind ia around
the dry semi -a r id zone. I t c o n s t i t u t e s 30% of the t o t a l area of t r o p i c a l
Ind ia and 53% of the semi -a r id reg ion of the count ry so de f i ned . The t o t a l
SAT area according to t h i s map amounts to 56% of t o t a l t r o p i c a l I n d i a . This
f i g u r e is very c lose to the est imate of 54% made by the Economics Department
of ICRISAT (Ryan and Subrahmanyam 1975).
The Ind ia Meteoro log ica l Department (1967) publ ished 30-year (1931-60)
c l i m a t i c normals f o r over 300 l oca t i ons of I n d i a . In 1971, the Department
publ ished monthly p o t e n t i a l evapo t ransp i ra t i on values f o r most o f these l oca -
t i o n s (Rao et a l . 1971). We combined t h i s i n fo rma t i on to ob ta in a d e t a i l e d
c l ima te map of semi -a r id Ind ia according to T r o l l ' s methodology ( F i g . 4 ) .
Ind ia was taken f o r t h i s i n i t i a l study because (1) there is ready access to
a la rge volume of publ ished r a i n f a l l and PE d a t a , and (2) T r o l l ' s map (F i g .3 )
d id not seem to adequately represent the c l i m a t i c zones of I n d i a .
I t i s ev iden t from Figure 4 t h a t most o f the area o f t r o p i c a l Ind ia
(64%) is covered by the dry semi -a r id t r o p i c s w i t h 2 to 4.5 humid months,
compared to the 27% of T r o l l . The wet and dry t r o p i c s cover 16% of the area.
The map also shows a cons iderab le area l y i n g between 12 to 20°N and 74 to 80°E,
which is pa r t o f the a r i d t r o p i c s . S i m i l a r l y , most o f the areas o f western
Ind ia are shown in the a r i d category (< 2 humid months), which appears in l i n e
w i t h the actual c l i m a t e .
I f T r o l l ' s d e f i n i t i o n is accepted, most o f the area of the Ind ian SAT
f a l l s between 600- and 1400-mm isohyets of annual r a i n f a l l (F i gs . 4 and 5 ) .
" H i g h - r a i n f a l l " areas w i t h more than 1200 mm annual r a i n f a l l (east and sou th -
east I nd ia ) have r i c e as the main crop in the lowlands of the toposequence,
w i t h maize or o ther upland crops in the upper reaches.
The main regions of semi -a r id I n d i a , according to Hargreaves
1
 1971 
c l a s s i f i c a t i o n are shown in Figure 6. Since the d e f i n i t i o n of semi -a r id areas
is r e s t r i c t e d to those w i t h an MAI g rea te r than 0.33 f o r at l e a s t 3 to 4 
months, the area in SAT Ind ia is much reduced compared to T r o l l ' s d e f i n i t i o n .
However, a comparison between the areas covered under Hargreaves' d e f i n i t i o n
and those a r r i v e d at according to T r o l l ' s c r i t e r i a show a reasonable c o r r e -
l a t i o n . Most of the areas t h a t are def ined as a r i d t r o p i c s on T r o l l ' s map
( F i g . 4) are shown in the same c lass on Hargreaves' map.
Mather (Personal Communication)
1
 suggested t h a t 1 of the ways to eva lu -
ate c l imates of the semi -a r i d t r o p i c s is by determin ing the cen t ra l tenden-
c i e s . Thornthwai te (1948) t r i e d to express t h i s by a study of the frequency
o f d i f f e r e n t c l ima te types . The r e s u l t s c l e a r l y i l l u s t r a t e t h a t the areas
classed as a r i d by T r o l l have 6 t imes g rea te r inc idence of less than 2 humid
months than those c lassed as semi -a r id (Table 2 ) . Th is remains t r u e even
when the t o t a l annual p r e c i p i t a t i o n of some of the l o c a t i o n s in these 2 c l a s -
ses is r a t he r s i m i l a r . In about 90% of the yea rs , the semi -a r id areas had
more than 2 humid months (over 50% of these years were charac te r i zed by 3 or
more humid months).
It seems t h a t the approach proposed by T r o l l may cont inue to be used
by ICRISAT to de f ine the boundaries of semi -a r id t r o p i c a l zone. With regard
to the thermal regime, the mean annual a i r temperature of more than 18°C as
1. Mather, J.R. U n i v e r s i t y of Delaware, Newark, Delaware 19711, U.S.A.
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Figure 4: Semi-arid tropics in India (ICRISAT). Troll's (1965) methodo-
logy for characterizing the humid periods and classifications 
was used for over 300 locations in India. The resultant map 
shows the zonation of the dry and wet/dry semi-arid tropics 
throughout India. 
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Figure 5: Rainfall isohyets in India. 
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Figure 6: India, climatic classification (Hargreaves ' method).
39
Consecu t i ve months w i t h
MAI 0 3 3 shown as 4
A r i d areas
b
Hissar 29 10 400 85 13 2
Jodhpur 26 18 383 80 13 7
Ahmednagar 19 05 617 47 35 18
Sholapur 17 40 755 40 13 47
B i japu r 16 49 565 60 32 8
Average 544 62 21 16
Semi-ar id areas
b
Ja ipur 26 49 669 20 53 27
Udaipur 24 35 686 6 50 44
Dohad 22 50 805 11 26 63
Indore 22 43 1001 0 17 83
Anand 22 34 909 13 27 60
Hyderabad 17 27 783 16 33 51
Mahboobnagar 16 44 831 10 24 66
Average 812 11 33 56
a. Based on 30-70 yea rs ' da ta .
b. As per Figure 3.
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Table 2: Frequency of humid months at selected Indian locations
a
.
Locat ion La t i tude
Annual
r a i n f a l l
(mm)
% frequency of number of humid months
<1 2 >3O I 
proposed by Koppen (1931) may be adopted to de f ine the t r o p i c a l reg ions . Wor-
kers who tes ted the genera l ized approaches based on vegeta t ion types to es tab-
l i s h a c lose correspondence of vegeta t ion and c l imate f o r any p a r t i c u l a r geo-
graphica l area have found them inadequate.
C l imat i c boundaries are never sharp ly de f i ned ; they e x i s t as broad
t r a n s i t i o n zones across which one type merges impercept ib ly i n t o i t s neighbor.
The quest ion to be asked i s : "How does the c l imate change across the boundary?"
and the answers w i l l vary . The essence of the t r a n s i t i o n may, f o r example,
be a decrease in the quan t i t y of r a i n f a l l or a change in the onset of the dry
or wet season. In the m a j o r i t y of cases, s i g n i f i c a n t change of c l ima te is
r e f l e c t e d in a change of natura l vegetat ion and c u l t i v a t e d crops. However,
one must remember tha t the aim is to d i s t i n g u i s h c l imates t ha t are d i s t i n c t
in themselves.
THE QUESTION OF AGRONOMIC RELEVANCE
The broad c l i m a t i c zonat ion of the SAT by empi r ica l c a l c u l a t i o n of the hygr ic
regime is important f o r de f i n i ng the geographical ex ten t o f the c l i m a t i c r e -
gion g l o b a l l y , but f o r agronomic relevance i t must be more l o c a t i o n - s p e c i f i c .
Some s p e c i f i c ob jec t i ves of the c l i m a t i c c l a s s i f i c a t i o n f o r agronomic
a p p l i c a t i o n in the ICRISAT program are :
1. to i d e n t i f y isoc l imes at na t iona l research centers and
benchmark l oca t i ons in the SAT f o r the t r a n s f e r of the
s u i t a b l e crop improvement and product ion technology
developed at ICRISAT,
2. to prov ide adequate ind ices of moisture a v a i l a b i l i t y
f o r successful crop product ion in the SAT, and
3. to recognize and quan t i f y the r i s k l eve l s associated
w i t h c u l t i v a t i o n in broad SAT zones, and to i d e n t i f y
c l i m a t i c c o n s t r a i n t s t o a g r i c u l t u r a l p roduc t ion .
As a general p r i n c i p l e , t h e r e f o r e , we must f i r s t determine and i s o l a t e
the opera t i ve c l i m a t i c in f luence and then search f o r the best method of expres-
sing the c r i t i c a l value o f t ha t q u a l i t y .
C l ima t i c resources must be examined in agronomical ly re levan t terms,
and such approaches could lend grea ter f l e x i b i l i t y to crop planners in the
choice of an appropr ia te c l a s s i f i c a t i o n system.
Agroclimatic Analysis for Crop Planning: an Example
In 1978, we chose 2 l o c a t i o n s , Hyderabad and Sholapur, which are e c o l o g i c a l l y
and edaph ica l l y s i m i l a r . An examination of the annual , seasonal , and monthly
r a i n f a l l da ta ; moisture index; leng th o f the growing season; and s o i l t y p e ,
e t c . , f o r these 2 l oca t i ons showed c lose s i m i l a r i t y in the ag roc l ima to l og i ca l
f ea tu res . Russell and Moore (1976) u t i l i z e d numerical methods in pa t t e rn ana-
l y s i s based on 16 c l i m a t i c a t t r i b u t e s on an annual and seasonal basis f o r
c l i m a t i c c l a s s i f i c a t i o n . I t was shown t h a t Hyderabad and Sholapur f e l l in
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the same summer c l ima te c lass (Russel l 1978). S i m i l a r l y , Gadgil and Iyengar
(1980) , using p r i n c i p a l component ana lys is o f long- te rm r a i n f a l l , showed t h a t
these 2 l oca t i ons were s i m i l a r in terms o f t h e i r sho r t - t e rm r a i n f a l l d i s t r i -
bu t ion p a t t e r n .
Even though c l i m a t i c resource ana lys i s showed c lose s i m i l a r i t y between
Hyderabad and Sholapur, agronomic research at the 2 l oca t i ons showed d i s t i n c t
d i f f e r e n c e s . Monsoon cropping at Sholapur was undependable w i t h medium- or
l ong -du ra t i on c rops , and y i e l d s from year to year were h i gh l y v a r i a b l e w i t h
low r a i n f a l l - u s e e f f i c i e n c y . But at Hyderabad, cropping systems i n v o l v i n g
maize/pigeonpea i n t e r c r o p or maize/chickpea sequent ia l crop showed good p ro -
mise and the r a i n f a l l - u s e e f f i c i e n c y was h igh . D i f fe rences in the agronomic
p o t e n t i a l i t i e s at the 2 l oca t i ons can be expla ined by the f o l l o w i n g 2 ap-
proaches.
1. Rainfall probability analysis. Using weekly r a i n f a l l (R) and p o t e n t i a l eva-
p o t r a n s p i r a t i o n (PE) data f o r the 2 l o c a t i o n s , we (Virmani et a l . 1978) showed
tha t r a i n f a l l d i s t r i b u t i o n a t Sholapur i s h i gh l y e r r a t i c , whereas a t Hyderabad
the r a i n f a l l d i s t r i b u t i o n is h i gh l y dependable between mid-June to the end of
Ju ly and from mid-August to mid-September. The reason f o r low a g r i c u l t u r a l -
product ion e f f i c i e n c y at Sholapur can be expla ined by the e r r a t i c r a i n f a l l
d i s t r i b u t i o n .
2. Water balance approach. A wea the r -d r i ven , process-based, s o i l mois ture
s imu la t ion model was run f o r the sur face layers of the p r o f i l e and f o r the
e n t i r e roo t p r o f i l e ( a v a i l a b l e water storage capac i t y , 230 mm). Long-term
c l i m a t o l o g i c a l records f o r Sholapur and Hyderabad were used f o r t h i s simu-
l a t i o n . The model p red i c t s the d a i l y s o i l moisture s ta tus of def ined layers
and thereby the mois ture a v a i l a b l e to a c rop. Table 3 presents the proba-
b i l i t i e s of crops having f u l l y adequate mois ture regimes. As the foo tno tes
to t h i s t a b l e amply demonstrate, these p r o b a b i l i t i e s were ca l cu la ted on the
basis o f g iven d e f i n i t i o n s o f mois ture r e q u i r e d . Never the less , the proba-
b i l i t i e s represent orders of magnitude of p o t e n t i a l r i s k t h a t can be com-
pared across l oca t i ons and lead to c l ea r i n fe rences . Much can probably be
done to improve the est imates f o r each l o c a t i o n in an abso lu te sense.
Column 7 of Table 3 shows t ha t the t o t a l p r o b a b i l i t y of a 90-day crop
f i n d i n g good growth cond i t i ons throughout the growth per iod was on ly about 1 
out of 3 years at Sholapur. As shown in column 1, the b iggest disadvantage
in Sholapur arose from a much lower p r o b a b i l i t y of emergence before Ju l y 15
(only 2/3 of the y e a r s ) . However, as a l l subsequent c o n d i t i o n a l p r o b a b i l i -
t i e s show, the p lan t was at a h igher r i s k in Sholapur than in Hyderabad area
at every stage a f t e r i t had completed the e a r l i e r stages success fu l l y . A 33%
p r o b a b i l i t y of a f u l l y adequate s o i l - m o i s t u r e regime is too low a basis f o r
encouraging kharif ( ra iny-season - June-Sept) cropping on a y e a r - a f t e r - y e a r
basis in the Sholapur r e g i o n . At Hyderabad the p r o b a b i l i t y of adequate mois-
tu re f o r good growth is provided in 62% of the years .
The p r o b a b i l i t i e s of good s o i l mois ture f o r a rabi (pos t ra iny-season
- Oct-Jan) crop a f t e r kharif f a l l o w (Table 3, co l 9) are high in the Sholapur
region (80%). This value exceeds the t o t a l p r o b a b i l i t i e s of good growth con-
d i t i o n s f o r a kharif crop in Hyderabad ( c o l . 7 ) . However, i f a kharif crop
is taken in Sholapur, the chances of the rabi crop are reduced by 20%. Thus,
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the data show t h a t not on ly would cons i s ten t kharif cropping be u n p r o f i t a b l e ,
but i t would a lso endanger the p r o f i t a b i l i t y of the more important rabi crop
i n t h i s r eg ion .
The r e s u l t s of both the r a i n f a l l ana lys is and the s o i l water balance
study genera l l y support the agronomic f i e l d experience from ICRISAT water -
sheds on deep V e r t i s o l s and exper imental evidence at the Sholapur research
s t a t i o n .
CONCLUSIONS AND FUTURE OUTLOOK
Our aim o f c l i m a t i c c l a s s i f i c a t i o n i s to i d e n t i f y geographical l oca t i ons w i t h
s i m i l a r p r o p e r t i e s , e . g . , a h i e r a r c h i c a l a r ray o f c h a r a c t e r i s t i c s under the
primary elements of p r e c i p i t a t i o n and temperature. Questions of v a r i a t i o n s
of these elements in t ime and space, the scale of a p p l i c a t i o n of the
c l a s s i f i c a t i o n system, and the reduc t ion of a f i n i t e number of d i s c r e t e
u n i t s or classes must be taken i n t o account.
The genera l ized c l a s s i f i c a t i o n of semi -a r id t r o p i c a l areas according
to T r o l l ' s (1965) approach seems to be adequate. The dry SAT areas w i t h 2 
to 4.5 humid months would be of pr imary i n t e r e s t to ICRISAT. Cartographic
work w i l l be necessary to map SAT areas g l o b a l l y w i t h an enlarged data base.
Ava i l ab le meteoro log ica l data from publ ished sources can f a c i l i t a t e t h i s work.
For agronomic re levance, the choice o f c r i t e r i a f o r c l a s s i f i c a t i o n i s
very impor tan t . This choice w i l l probably be d i c t a t e d by the u t i l i t y o f the
p a r t i c u l a r element or combinat ion o f elements chosen. Agronomic f i e l d r e -
search and crop-weather modeling e f f o r t s could help us i d e n t i f y the approp-
r i a t e c r i t e r i a . For example, our cu r ren t work w i t h sorghum modeling has
shown t h a t , apar t from crop and s o i l f a c t o r s , c l i m a t i c c r i t e r i a such as r a i n -
f a l l , so la r r a d i a t i o n , a i r temperature, and open-pan evaporat ion are o f agro-
nomic s i g n i f i c a n c e .
We be l ieve t h a t the c l i m a t i c - r e s o u r c e - i n d e x approach suggested by
Wi l l iams and Masterton ( t h i s volume) needs ca re fu l a t t e n t i o n . For our man-
date areas, i n i t i a l emphasis must be placed on r a i n f a l l c l ima to logy and
water balance work. A t t e n t i o n must be paid to the numerical c l a s s i f i c a t i o n
systems. The pa t t e rn ana lys is techniques suggested by Russel l (1978) and
p r i n c i p a l component ana lys i s method by Gadgil and Joshi ( t h i s volume) are
l i k e l y to be of p o t e n t i a l use f o r a g r o c l i m a t i c c l a s s i f i c a t i o n . The use of
i n t e r p r e t i v e over lay s o i l maps in such approaches (Nie lson 1978) could a id
the crop planner immensely.
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SUMMARY
The choice of an approach to climatic classification is dictated by 
the ultimate objectives. Provision of the required information to 
enable the best use to be made of climatic resources for agriculture 
could be one of the rational objectives. Variations in the respon-
ses among different kinds of plants are rarely dealt with in general 
classification systems. It will be useful to consider 3 categories 
of thematic mapping, i.e., climatic, agroclimatic, and agroclimatic 
resource mapping. Detailed analysis for specific regions such as 
the semi-arid tropics may need a different classification system 
than that required for the world overview. A method of agroclima-
tic resource index (ACRI) is proposed and discussed for use in the 
semi-arid tropics. Computation of the crop climate resource index 
(CCRI), which is outlined, could facilitate spatial comparison of
the availability of moisture, as it affects agricultural production, 
among different parts of a region. An integration of the agrocli-
matic resource analysis with the ecological land classification is 
proposed.
*Mr. W i l l i a m s , A g r o c l i m a t o l o g i s t , and Ms. Masterton are at the A p p l i c a t i o n s
and Impact D i v i s i o n of the Atmospheric Environment Se rv i ce , Canadian Cl imate
Center, On ta r i o , Canada.
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CLIMATIC CLASSIFICATION, AGROCLIMATIC
RESOURCE ASSESSMENT, AND POSSIBILITIES
FOR APPLICATION IN THE SEMI-ARID TROPICS
G . D . V . W i l l i a m s and Joan M. M a s t e r t o n *
INTRODUCTION
According to Hare (1951), c l i m a t i c c l a s s i f i c a t i o n is an e s s e n t i a l l y
geographic technique t ha t a l lows the s i m p l i f i c a t i o n and g e n e r a l i z a t i o n
of the mu l t i t ude of s t a t i s t i c s accumulated by c l i m a t o l o g i s t s . Such a 
c l a s s i f i c a t i o n should be used to de f ine c l i m a t i c types in s t a t i s t i c a l
terms so t ha t c l imate as a geographic f a c t o r has d e f i n i t e and uni form
c h a r a c t e r i s t i c s pe rm i t t i ng the d e f i n i t i o n o f r a t i o n a l c l i m a t i c reg ions .
Thus, in Hare's e s t i m a t i o n , many of the past attempts at c l a s s i f i c a t i o n
have not been s t a t i s t i c a l and are the re fo re not considered adequate f o r
geographical purposes. His emphasis, t hen , is on c l a s s i f i c a t i o n systems
t h a t are pure ly c l i m a t i c , w i thou t reference to o ther types o f i n fo rma t i on
such as vege ta t ion or s o i l s p a t t e r n s .
Prohaska (1967) presents a somewhat d i f f e r e n t po in t of v iew. He
quest ions the usefulness of a c l i m a t i c c l a s s i f i c a t i o n based on c l i m a t i c
f a c t o r s o n l y , and asks whether such a c l a s s i f i c a t i o n would b r ing new
i n s i g h t s or new understanding. In s c i e n t i f i c i n v e s t i g a t i o n s , every k ind
of c l a s s i f i c a t i o n should be a means to an end o n l y , and never a goal per
se. Prohaska s ta tes " i t is more than quest ionable t ha t a new general
c l a s s i f i c a t i o n w i thou t a spec ia l purpose would g ive us a deeper knowledge
of the w o r l d ' s c l imates even i f i t were l o g i c a l l y cons t ruc ted , had
coherent ly chosen terms, and adequately determined l i m i t s " ( p . 3 ) . New
c l a s s i f i c a t i o n s , he b e l i e v e s , may become very usefu l and perhaps even
ind i spens ib l e i f they are designed f o r special purposes and d i rec ted at
w e l l - d e f i n e d and concise o b j e c t i v e s . Thus, c l i m a t i c c l a s s i f i c a t i o n s w i t h
sharp ly de f ined goals and based upon wel l -chosen c r i t e r i a can serve a 
v a l i d and usefu l purpose.
These 2 approaches to c l i m a t i c c l a s s i f i c a t i o n serve d i f f e r e n t needs;
ne i t he r is " b e t t e r " nor "more u s e f u l " than the o the r . The choice of
approach depends on the u l t i m a t e o b j e c t i v e . In t h i s paper, the o b j e c t i v e
of concern is p r o v i s i o n of the requ i red in fo rmat ion to enable the best use
to be made of c l i m a t i c resources f o r a g r i c u l t u r e .
For a g r i c u l t u r a l development p lann ing , adequate assessment of the
ag roc l ima t i c resources is an essen t i a l p r e r e q u i s i t e . The ag roc l ima t i c zona-
t i o n work in Sao Paulo S ta te , B r a z i l (Estado de Sao Paulo 1974, 1977), is
an outs tanding example of such an assessment. Fa i lu res or d i sappo in t ing
r e s u l t s o f a g r i c u l t u r a l development p ro jec t s in var ious par ts o f the w o r l d ,
i nc l ud ing p ro jec t s to produce pineapples in the P h i l i p p i n e s , sugar in
Puerto R ico , groundnuts in East A f r i c a , and rubber in the Amazon bas i n , may
have been l a r g e l y due to f a i l u r e to p roper l y assess and c l a s s i f y a g r o c l i -
mates (Chang 1968).
In t h i s paper we review some of the c h a r a c t e r i s t i c s of var ious
systems of c l a s s i f y i n g c l imates from the s tandpoin t o f t h e i r poss ib le
a p p l i c a b i l i t y to a g r i c u l t u r a l development. We then discuss the concept of
the c l ima te as a resource and suggest how t h i s concept might be employed in
assessing f o r a g r i c u l t u r e the c l ima te of a zone such as the semi -a r id
t r o p i c a l zone. F i n a l l y we discuss ag roc l ima t i c resource ana l ys i s as p a r t
o f the broader f i e l d o f eco log ica l land resource c l a s s i f i c a t i o n .
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THE NEED FOR SYSTEMS ADAPTABLE TO
DIFFERENT SCALES OF APPLICATION
There are several l i m i t a t i o n s to most c l i m a t i c c l a s s i f i c a t i o n systems t h a t
s e r i o u s l y r e s t r i c t t h e i r usefulness f o r e i t h e r a g r i c u l t u r a l a p p l i c a t i o n s o r
o ther resource ana lys i s purposes. In systems t h a t are developed p r i m a r i l y
f o r wor ld overv iews, 1 category o f ten covers f a r too wide a range of
c l imates to be of use f o r na t i ona l or l oca l a g r i c u l t u r a l development and
p lann ing , and o f ten no mechanism is provided f o r subd iv id ing c a t e g o r i e s .
T y p i c a l l y the labe l i d e n t i f y i n g a c l i m a t i c category or c lass is
composed of at l eas t 2 p a r t s . In i t s s imp les t fo rm, t h i s approach uses a 
l e t t e r and a number, one represent ing thermal c o n d i t i o n s , the o ther moisture
(Chapman and Brown 1966, Jeanneret and Vau t ie r 1977a). This approach is
not conducive to subd i v i d i ng . A c lass such as "3H" is not r e a d i l y broken
down i n t o f i n e r d i v i s i o n s f o r l oca l p lanning purposes w i t hou t making a 
major m o d i f i c a t i o n to the system by i n t r oduc ing a new l e v e l of d e t a i l
through the use of subclasses. Conversely, any at tempt to b u i l d a system
to handle the range of scales from l oca l to na t iona l or wor ld a p p l i c a t i o n s
using such n o n - q u a n t i t a t i v e i d e n t i f i e r s would lead to a bewi lder ing p r o l i -
f e r a t i o n o f c lasses .
Many of the c l a s s i f i c a t i o n schemes are based on q u a n t i t a t i v e c r i t e r i a ,
and one c o u l d , of course, make comparisons using the o r i g i n a l data ra the r
than the der ived c lasses . Most ag roc l ima t i c comparisons a r e , in f a c t ,
done using the o r i g i n a l q u a n t i t a t i v e da ta , but even t h i s may s t i l l leave
some problems, as can be i l l u s t r a t e d w i t h re ference to an ana l ys i s by
F ie l d (1968). He used 2-way tab les of est imates of degree-months and the
r a t i o o f ac tua l to p o t e n t i a l evapo t ransp i ra t i on in comparing 2 par ts o f
the Northern Hemisphere. One could subdiv ide h is c lasses as f i n e l y as the
data warranted w i t hou t changing h is system. Thus one could r e a d i l y compare
2 l o c a t i o n s in which e i t h e r the temperature was s i m i l a r and the mois ture
d i f f e r e d , or v i ce ve rsa , but the r e l a t i o n s h i p between the agroc l imates o f
2 places between which both the thermal and mois ture c l imates d i f f e r e d
would not be r e a d i l y q u a n t i f i a b l e .
Some ag roc l ima t i c mapping systems where 1 f a c t o r , e i t h e r the thermal
or the mois ture c l ima te but not bo th , is of concern, have employed a con-
t inuous v a r i a b l e t ha t could r e a d i l y be e i t h e r subdiv ided or genera l i zed f o r
use at g rea te r or lesser l e v e l s of d e t a i l . Examples are growing degree-days
(Chapman and Brown 1966) and the c l i m a t i c mois ture index developed by Sly
(1970) and Agrometeorology Research and Serv ice (1976) .
The index of a g r i c u l t u r a l p o t e n t i a l developed by Turc is a q u a n t i t a -
t i v e approach t o c l a s s i f y i n g c l imates f o r a g r i c u l t u r e t h a t at tempts both t o
combine thermal and mois ture aspects and to prov ide f o r changing the l e v e l
or scale of d e t a i l considered w i thou t changing the system. In mapping t h i s
index f o r France, Turc and Lecerf (1972) used a system of c lass i d e n t i f i e r s
to l abe l va lue i n t e r v a l s , so minor m o d i f i c a t i o n of the l a b e l l i n g would be
needed to map at d i f f e r e n t scales of d e t a i l s , but Barre to and Soares (1974) ,
on the o ther hand, used i s o l i n e s in mapping Mozambique. Depending on data
q u a l i t y and a v a i l a b i l i t y , g rea te r or l esser d e t a i l can be obta ined by
a l t e r i n g the number of i s o l i n e s employed.
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Another approach to the problem of c l a s s i f y i n g c l imates at a r e l a -
t i v e l y d e t a i l e d scale is imp l ied in comments by S lay te r (1968). He
suggests t h a t there are 3 general types of ag roc l ima t i c surveys. At one
extreme are the broad c l a s s i f i c a t i o n systems such as those of Thornthwaite
(1948) and Koppen (1936), which are "o f very l i m i t e d value in reg iona l
p lann ing , but may be useful in roughly and r a p i d l y comparing major c l i m a t i c
zones in d i f f e r e n t con t i nen ts " ( p .36 ) . At the other extreme is the soph is -
t i c a t e d growth model approach, which may provide an unnecessary degree of
d e t a i l . He suggests t h a t the most appropr ia te approach f o r reg iona l
p lanning w i l l o f ten be to use types of models t ha t are in te rmed ia te between
these extremes, and which commonly invo lve s o i l - w a t e r balance, temperature,
pho toper iod , and cons idera t ion of s p e c i f i c ag roc l ima t i c hazards, A p r a c t i c a l
response to the need f o r means of c l a s s i f y i n g c l imates both f o r wor ld over-
views and f o r more d e t a i l e d reg ional sca les , t hen , would be to employ 2 
d i f f e r e n t systems, 1 designed f o r use at the global and the other at the
reg iona l sca le .
DIFFERENCES IN CLIMATIC REQUIREMENTS
FROM ONE SPECIES OR CROP TO ANOTHER
Var ia t i ons in c l i m a t i c requirements among d i f f e r e n t species are r a r e l y
dea l t w i t h i n general c l i m a t i c c l a s s i f i c a t i o n systems. This i s o f p a r t i c u l a r
concern to a g r i c u l t u r a l i n t e r e s t s . A c l imate t ha t i s qu i t e s a t i s f a c t o r y
f o r wheat may be poor f o r r i c e . Even between 2 crops as s i m i l a r as wheat
and ba r l ey , subs tan t i a l d i f f e rences have been revealed in ag roc l ima t i c
mapping in Canada (Wi l l iams and Oakes 1978, Wi l l iams et a l . 1980).
Because of the v a r i a t i o n s in responses among d i f f e r e n t kinds of
p l a n t s , many ag roc l ima t i c and b i o c l i m a t i c s tud ies have dea l t w i t h p a r t i c u l a r
groups of spec ies , such as ornamental t rees and shrubs (Ouel le t and Sherk
1967), w i t h i n d i v i d u a l species or c rops , or even w i t h d i f f e r e n t v a r i e t i e s o f
a crop. Dansereau (1957) provided a map showing the thermal and moisture
l i m i t s f o r the sugar maple in North America, and these would be q u i t e
d i f f e r e n t f o r other t r ee species on t h a t con t i nen t . Some, f o r example, would
t o l e r a t e more co ld in the nor th but would not grow as f a r south as the maple
due to i n to le rance of the heat . Unstead (1912) and Wi l l iams (1969) mapped
c l i m a t i c l i m i t s f o r growing wheat in Canada. Chapman and Brown (1966) mapped
heat un i t s f o r growing maize ("corn heat u n i t s " ) , and Pr imaul t (1969) mapped
the s u i t a b i l i t y o f Swi tzer land f o r matur ing several d i f f e r e n t maize v a r i e t i e s .
In s p i t e o f d i f f e rences from crop to c rop , i t i s sometimes poss ib le to
use 1 crop as an i n d i c a t o r f o r a group of c rops , as was done by Jeanneret
and Vaut ie r (1977b) in mapping the c l i m a t i c s u i t a b i l i t y o f Swi tzer land f o r
cereals on the basis of data f o r wheat. They recognized t ha t there are i n t e r -
species d i f f e rences in the crop responses, but i t appeared t h a t under Swiss
c o n d i t i o n s , the more unfavorable a zone was f o r wheat, the poorer it would
be f o r the o ther cereals a l so . I t was the re fo re j u s t i f i a b l e to use wheat
data in d e r i v i n g the cereals map.
The s tud ies by Wi l l iams and Oakes (1978) and by Wi l l iams et a l .
(1980) use the number of days from crop r i pen ing to f i r s t f a l l
f reeze as an index f o r mapping areas where the crop would mature, so f o r
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these areas the ana lys is can r e a d i l y be changed to a more d e t a i l e d one
where the data and ob jec t i ves warrant i t by using more i s o l i n e s . The ana ly -
ses of Pr imau l t (1969) and of Oue l le t and Sherk (1967) cou ld a lso be ra the r
e a s i l y mapped in g rea te r d e t a i l , where a p p r o p r i a t e , by making a f i n e r break-
down of t h e i r mapping c lasses in r e l a t i o n to the ind ices on which the c lasses
are based.
AGROCLIMATIC RESOURCE ANALYSIS
The concept of resources has been developed in d e t a i l by Hunker and Zimmer-
mann (1964). A resource is t h a t upon which one r e l i e s f o r a i d , suppor t , or
supply . I t does not r e f e r to some substance or co n d i t i o n as such, but to a 
f u n c t i o n t h a t the substance or c o n d i t i o n may perform or f a c i l i t a t e . For
i ns tance , i r o n ore is not a resource in the absence of technology f o r an
i ron -m in ing f u n c t i o n to e x p l o i t i t , and incoming so la r r a d i a t i o n was not a 
resource on ea r th before there was l i f e to use i t . Resources may f u n c t i o n
d i r e c t l y as f a c t o r s o f p r o d u c t i o n , e . g . , c o a l , wood, an ima ls , o r they may
take the form of c o n d i t i o n i n g f a c t o r s , such as c l i m a t e , topography, or
l o c a t i o n , t h a t a f f e c t the e f f i c i e n c y o f the product ion process. Dansereau
(1957) def ined resources as " cond i t i ons of elements of the environment
e x p l o i t a b l e by l i v i n g be ings . "
Cl imate was descr ibed as a resource some years ago by M i l l e r (1956) ,
and t h i s concept has been more genera l l y employed in recent years (Wi l l iams
1971, Tay lor 1974, McKay 1976). Several recent papers have d e a l t s p e c i f i -
c a l l y w i t h c l ima te as a resource f o r a g r i c u l t u r e (Wi l l iams and Oakes 1978,
Wi l l iams e t a l . 1978, Wi l l iams e t a l . 1980).
Most a p p l i c a t i o n s of c l i m a t i c analyses and c l a s s i f i c a t i o n s i nvo l ve
prepara t ion of maps to a id subsequent combinat ion of c l i m a t i c data w i t h
other types of data such as i n fo rma t i on on s o i l s , v e g e t a t i o n , demography, and
a g r i c u l t u r a l systems. For the present purpose i t i s usefu l to consider t h a t
there are 3 general ca tegor ies of thematic mapping based on c l i m a t i c da ta :
C l ima t i c mapping - of c l i m a t i c v a r i a b l e s , e . g . , Ju l y mean
temperature , annual p r e c i p i t a t i o n
Agroc l ima t i c - o f der ived va r i ab les o f p a r t i c u l a r i n t e r e s t
mapping to a g r i c u l t u r e , e . g . , growing degree-days,
c l i m a t i c mois ture i nd i ces
Agroc l ima t i c - of va r i ab les der ived w i t h some a g r i c u l t u r a l
resource mapping use in mind and o f t e n intended to a s s i s t in
making comparative eva lua t ions o f d i f f e r e n t
c l imates f o r some form of a g r i c u l t u r e . Th is
could be considered a spec ia l case of eco log i ca l
land c l a s s i f i c a t i o n .
Ag roc l ima t i c resource ana lys i s and mapping i nvo l ve implementat ion of
r e l a t i o n s h i p s , whether recognized or n o t , between c l ima te and a g r i c u l t u r e ,
and between the c l imates of areas and those of observ ing p o i n t s . The r e l a -
t i o n s h i p between a g r i c u l t u r e and c l ima te may be i m p l i c i t , as when in fo rma-
t i o n from the l i t e r a t u r e and from agronomists on the c l i m a t i c requirements
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i s used in se l ec t i ng appropr ia te ag roc l ima t i c boundaries between s u i t a b l e ,
marg ina l l y s u i t a b l e , and unsu i tab le zones f o r each c rop , as was done in the
ag roc l ima t i c zonat ion of Sao Paulo State (Estado de Sao Paulo 1974, 1977).
Or it may be e x p l i c i t , as when biophotothermal t ime-sca le equat ions were
used in mapping the c l i m a t i c resources of Canada f o r matur ing cereals
(Wi l l iams and Oakes 1978).
The s p a t i a l c l i m a t i c r e l a t i o n s h i p s may a lso be i m p l i c i t , as when
data are p l o t t e d and then o v e r l a i d on maps showing topographic i n f o r m a t i o n .
The ana lys is locates the i s o l i n e s on the basis of both the s t a t i o n data
and the topography. This was done, f o r example, in mapping the ag roc l ima t i c
resources f o r matur ing cerea ls in Canada (Wi l l iams and Oakes 1978). E x p l i c i t
s p a t i a l c l i m a t i c r e l a t i o n s h i p s may be incorporated in equat ions , such as those
used f o r the Canadian Great Pla ins by Wi l l iams (1969, 1971) and Wi l l iams
et a l . (1980) , or those der ived by Solomon et a l . (1968) f o r Newfoundland,
Canada, and by Pinto et a l . (1972) f o r Sao Paulo S t a t e , B r a z i l .
The ag roc l ima t i c resource data may be in the form of a s i ng le index
f o r a g r i c u l t u r e in gene ra l , such as those of Wi l l iams (descr ibed by Simpson-
Lewis et a l . 1979) and Turc and Lecerf (1972), or they may be represented by
a 2 -pa r t i d e n t i f i e r (Chapman and Brown 1966, Jeanneret and Vaut ie r 1977a, b ) .
The ana lys i s may be macroscale, as when the Canadian p r a i r i e s or a l l of
Canada are mapped (Wi l l iams 1969, Wi l l iams and Oakes 1978), or mesoscale,
as when an area of only about 1 or 2 degrees of l a t i t u d e and long i tude in
ex ten t are mapped (Wi l l iams et a l . 1980).
In ana lyz ing the agroc l imate or b ioc l imate of a d i s t r i c t or reg ion in
the context o f p rov id ing i n fo rma t ion f o r land management, i t i s useful to
f i r s t r e l a t e the d i s t r i c t to other par ts o f the na t ion o r zone o f i n t e r e s t ,
and then to analyze pa t te rns w i t h i n the d i s t r i c t . In a recent c l i m a t o l o g i c a l
c o n t r i b u t i o n to a monograph on land systems mapping f o r the Wynyard, Saskat-
chewan, map sheet a rea , the p o s i t i o n of t ha t area on na t iona l maps was located
by use of an ove r lay . Average values of W i l l i ams ' ag roc l ima t i c resource index ,
of the c l i m a t i c resources f o r matur ing wheat and ba r l ey , and of der ived
temperature and moisture values were abst rac ted from the na t iona l map and
employed in comparing the area w i t h other par ts of Saskatchewan and of
Canada. The v a r i a t i o n w i t h i n the Wynyard map area was then descr ibed on the
basis o f mesoscale ana lys is procedures s i m i l a r to those o f Wi l l iams e t a l .
(1980), The same so r t of approach, w i t h va r i ab le appropr ia te to the p a r t i -
cu la r case, could be used in a b i o c l i m a t i c ana lys is of some area being
assessed in an eco log ica l land c l a s s i f i c a t i o n s tudy, or in e v a l u a t i n g , f o r
example, the ag roc l ima t i c resources of a semi -a r id t r o p i c a l s t a te in Ind ia
and comparing i t to other par ts of Ind ia and of the semi -ar id t r o p i c s .
A POSSIBLE APPROACH TO AGROCLIMATIC
RESOURCE MAPPING IN THE SEMI-ARID TROPICS
In proposing a set of procedures ( F i g . 1) t h a t might be used f o r the a g r o c l i -
mat ic resource ana lys is and mapping of the semi -ar id t r o p i c s , we f o l l o w the
suggest ion of S lay te r (1968) t h a t a d i f f e r e n t c l a s s i f i c a t i o n system is needed
f o r the wor ld overview than f o r the more d e t a i l e d ana lys is w i t h i n r eg ions . A 
number of authors have produced o r i g i n a l or mod i f ied wor ld maps of c l i m a t i c
c lasses . That of Walter (1973) seems appropr ia te here and has been used as
51
Figure 1: Steps in proposed system for analyzing and mapping agroclimatic
resources of a zone such as the semi-arid tropics for a particu-
lar crop. 
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DRAFT CROP-CLIMATE RESOURCE MAP ON THE BASIS OF CCRI COMPUTED
FOR ALL AVAILABLE CLIMATOLOGICAL STATIONS IN THE ZONE13
IF TEST RESULTS ARE ACCEPTABLE, COMPUTE CCRI FOR TEST STATIONS12
11
COMPUTE = f ( X i ) FOR TEST STATIONS AND
COMPARE WITH OBSERVED NORMAL YIELDS ( Y i )
COMPUTE CROP-CLIMATE RESOURCE INDEX CCRI = 
FOR EACH STATION IN THE ANALYSIS SET10
COMPUTE9 WHERE IS AN ASSUMED NONCONSTRAINING VALUE
8 COMPUTE ESTIMATE OF MEAN YIELD, FOR EACH STATION IN THE ANALYSIS SET
7 ANALYSE DATA TO DERIVE EQN. = f ( X )
6 OBTAIN MEAN CROP YIELDS (Y) FOR DISTRICTS CORRESPONDING TO STATIONS
QUANTIFY X FOR A SELECTED CROP FOR THE ANALYSIS SET OF STATIONS5
FROM AMONG STATIONS IN REGION, SELECT SET FOR ANALYSIS - o ther
s t a t i o n s in reg ion and elsewhere in zone to be used f o r t e s t i n g4
SELECT A REGION OF THE ZONE FOR ANALYSIS3
2 IDENTIFY CLIMATIC CONSTRAINT FACTOR (X)
MAP APPROXIMATE ZONE OF INTEREST1
the basis o f a f i r s t approximat ion of the geographical d i s t r i b u t i o n of the
semi -a r id t r o p i c s ( F i g . 2 ) .
For the more d e t a i l e d analyses, we propose methods evolved from some
of those used in developing an ag roc l ima t i c resource index (ACRI) f o r Canada,
as descr ibed by Simpson-Lewis et a l . (1979). However, ACRI is a general index
and f o r the present purpose i t would be p re fe rab le to use methods t h a t r e f l e c t
d i f f e r i n g needs among crops. Some app l i ca t i ons of the r e s u l t s w i l l i nvo lve
dec is ions about d i f f e r e n t c rops , and f o r app l i ca t i ons such as i r r i g a t i o n p l a n -
ning the d i f f e rences may a lso be impor tan t .
ACRI was der ived by assuming thermal c o n s t r a i n t to be the major
f a c t o r in Canada and computing i n i t i a l index values using f r e e z e - f r e e season
l e n g t h , or growing degree-days in some areas, and then ad jus t i ng the values
downward in par ts of the count ry w i t h major moisture l i m i t a t i o n s . In the
semi -a r id t r o p i c s , as a f i r s t approximat ion one can consider t h a t the thermal
Figure 2: A first approximation of an answer to: "Where are the semi-arid 
tropics?" (adapted from Walter 1973).
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Semiarid Tropics 
aspect has been taken i n t o account by l i m i t i n g the zone of i n t e r e s t to the
t r o p i c s . The a t t e n t i o n f o r the more d e t a i l e d analyses is then on mo is tu re .
We would suggest s e l e c t i n g some r e g i o n , such as the semi -a r i d t r o p i -
cal pa r t of I n d i a , f o r a n a l y s i s . Some exp ress ion , X, considered to be i n d i -
c a t i v e of the growing season moisture cond i t i ons f o r some p a r t i c u l a r crop of
i n t e r e s t , would then be computed f o r a number of s t a t i o n s in the r e g i o n . A 
long- term average y i e l d , Y, f o r t h a t crop would be obta ined f o r a " d i s t r i c t "
con ta in ing each s t a t i o n , d i s t r i c t here being de f ined as the smal les t geogra-
ph ica l u n i t f o r which appropr ia te y i e l d data are r e a d i l y a v a i l a b l e .
Steps 7 to 10 ( F i g . 1) would then be performed. An equat ion r e l a t i n g
average d i s t r i c t wheat y i e l d , Y, to the mois ture f a c t o r , X, would be d e r i v e d ,
as i l l u s t r a t e d here f o r wheat y i e l d w i t h some Canadian p r a i r i e c l i m a t o l o g i c a l
s t a t i o n s (F igs . 3 and 4 ) . In t h a t reg ion wheat is normal ly p lan ted in May and
harvested in August or September, and mois ture cond i t i ons to the end of June
seem p a r t i c u l a r l y impor tant f o r y i e l d s . The mois ture f a c t o r , X, used f o r
i l l u s t r a t i o n here was the average d e f i c i t to the end of June obta ined in water
balance c a l c u l a t i o n s as descr ibed by Thornthwai te and Mather (1955). The ann-
ual d i s t r i c t wheat y i e l d s and June d e f i c i t s f o r 15 or 16 years were averaged
to ob ta in the Y and X values used here.
The equa t i on , which was of the form Y = a0 + a1X ( F i g , 4 ) , was used
to make a moisture-based p r e d i c t i o n of the average y i e l d at each s t a t i o n .
It was a lso assumed t h a t in t h i s reg ion a June d e f i c i t of less than 15 mm
would not be p a r t i c u l a r l y c o n s t r a i n i n g , and the y i e l d f o r X = 15 (27.925 bu/a)
was d i v i d e d i n t o the moisture-based average y i e l d p r e d i c t i o n s to ob ta in a c rop -
c l ima te resource index (CCRI) f o r each s t a t i o n . The i n t e r p r e t a t i o n is t h a t
the c l i m a t i c resource f o r wheat p roduc t ion is considered to be approx imate ly
p ropo r t i ona l to t h i s CCRI, f o r example the value o f the c l i m a t i c resource f o r
t h i s crop a t Brandon is nea r l y 1.5 t imes t h a t a t Medicine Hat.
Our suggest ion would be to der i ve an equat ion f o r p r e d i c t i n g average
y i e l d from normal moisture using a set of s t a t i o n s in Ind ia or some o ther
reg ion o f the semi -a r id t r o p i c a l zone and t e s t i t by p r e d i c t i n g average y i e l d s
f o r o ther s t a t i o n s in the reg ion or elsewhere in the zone and comparing the
p r e d i c t i o n s to average observed y i e l d s . I f the r e s u l t s were judged s a t i s f a c -
t o r y f o r the purpose, CCRI f o r the se lec ted crop could be computed and p l o t t e d
f o r s t a t i o n s throughout the zone to ob ta in a map of the c l i m a t i c resources f o r
t h a t crop in the semi -a r id t r o p i c s . S i m i l a r procedures (Steps 2 to 13, F i g . 1 )
could be fo l l owed f o r several o ther impor tan t c rops , and the r e s u l t i n g CCRI
maps would then prov ide a g r o c l i m a t i c resource i n f o rma t i on to help in the p l a n -
ning of a g r i c u l t u r a l development and in the t r a n s f e r o f technology from the
I n t e r n a t i o n a l Crops Research I n s t i t u t e f o r the Semi-Ar id Trop ics to o ther
par ts of the zone.
The mois ture d e f i c i t v a r i a b l e used in the example here is only 1 
of many poss ib le expressions t h a t might be used f o r X. Another f a c t o r t h a t
was tes ted dur ing our computations was the c l i m a t i c mois ture index of Sly
(1970) , but t h a t index r e f l e c t s p r e c i p i t a t i o n amounts through to the end of
September and was less we l l c o r r e l a t e d w i t h the wheat y i e l d s (r = 0.68) than
was the end of June mois ture d e f i c i t , a l though i t might be supe r i o r f o r
another c rop . The choice of v a r i a b l e f o r X w i l l depend on the p a r t i c u l a r
c rop , c l i m a t e , and type of a p p l i c a t i o n , and on what data and computat ional
f a c i l i t i e s are a v a i l a b l e t o the i n v e s t i g a t o r .
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Figure 4: Illustration of the procedures for obtaining CCRI (shown below 
station names) for wheat, using the stations in Figure 3 and an 
assumed nonconstraining value of 15 mm for X. 
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Figure 3: Southern portions of Canadian Prairie Provinces, showing stations 
and districts used for sample calculations. 
I t may be d e s i r a b l e , at l eas t in some par ts of the semi -a r id t r o p i c s ,
to i nco rpo ra te a d d i t i o n a l f a c t o r s , For example a moisture-based c rop -c l ima te
resource index might be ad jus ted downward in cases where temperature was judged
to be a s i g n i f i c a n t c o n s t r a i n t , j u s t as the the rma l l y based ACRI index values
in Canada were ad jus ted downward f o r moisture l i m i t a t i o n as discussed p r e v i o u s l y .
I f emp i r i ca l l a rge -a rea y i e l d p r e d i c t i o n equat ions such as those deve l -
oped f o r the Canadian p r a i r i e s (Wi l l iams et a l . 1975) are a v a i l a b l e , i t may be
poss ib le to use them w i t h c l i m a t i c da ta , or to use them to p r e d i c t y i e l d s over
a number of years and then average the p r e d i c t i o n s , to der i ve an a l t e r n a t i v e
to Steps 2 to 9 ( F i g . 1 ) . Such an emp i r i ca l model might be p r i m a r i l y based on
mo is tu re , o r i t might a lso r e f l e c t o ther f a c t o r s . I f such equat ions are not
a v a i l a b l e f o r the semi -a r id t r o p i c s , i t might be wor thwhi le to consider the
p o s s i b i l i t y of d e r i v i n g them, as such models can be expected to be most e f f e c -
t i v e under semi -a r id cond i t i ons w i t h r a i n f e d a g r i c u l t u r e , and they have
several usefu l a p p l i c a t i o n s .
Whatever approach is used, care must be taken to ensure t h a t the crop
y i e l d data used in modeling f o r r a i n f e d a g r i c u l t u r e does not inc lude s i g n i -
f i c a n t amounts of i r r i g a t e d crop da ta . A q u i t e d i f f e r e n t approach would be
needed in ana lyz ing such da ta , and data f o r a d i s t r i c t t h a t combined s i g n i f i -
cant amounts of i r r i g a t e d and n o n i r r i g a t e d crops would probably have to be
excluded from the ana lys i s data s e t .
The f a c t t h a t mois ture is expressed in the example ( F i g . 4) as a 
d e f i c i t , so t h a t mois ture and the resource value decrease w i t h i nc reas ing X,
should not be cause f o r concern. One may wish to t h i n k of the d e f i c i t as a 
" r e s i s t a n c e " j u s t as one may c a l l c l ima te a resource f a c t o r and drought a 
res is tance w i t h i n the o v e r a l l resource concept (Hunker and Zimmermann 1964).
The impor tant po in t is t ha t moisture is the na tu ra l element or cond i t i on
i n v o l v e d , and t h a t f o r the cond i t i ons under cons ide ra t i on here , the g rea te r
the mois ture the h igher the resource value in gene ra l , which is what the c rop-
c l ima te resource index i n d i c a t e s , regard less of whether the X being employed
has the same or oppos i te sense as mois ture changes. If the c l i m a t i c mois ture
index of Sly (1970) , which increases w i t h inc reas ing mo is tu re , had been used,
the CCRI values obta ined ( F i g . 4) would have been higher f o r h igher mois ture
amounts, j u s t as they were when the d e f i c i t was used.
The steps in the procedures suggested in Figure 1 should be viewed as
i t e r a t i v e , in t h a t in many cases f u r t h e r ref inements would be a p p r o p r i a t e .
In the case of Step 1, the map of the semi -a r i d t r o p i c s (SAT), presented here
is on ly a f i r s t approx imat ion . There w i l l be SAT " i s l a n d s " beyond the zone
mapped, f o r example some mountain v a l l e y s elsewhere w i l l have semi -a r i d t r o p i -
ca l c l i m a t e s , and there w i l l be areas w i t h o the r types of c l ima te w i t h i n the
SAT zone. I t would probably not be too usefu l to devote a great deal of e f f o r t
to d e f i n i n g the p rec ise ex ten t of the zone however, because the d e f i n i t i o n would
be ra the r a r b i t r a r y and the boundaries would be sub jec t to con t inua l change
w i t h c l i m a t i c f l u c t u a t i o n s and techno log ica l changes, but more impo r t an t l y
because i t i s doub t fu l i f g rea t p r e c i s i o n i n d e f i n i n g the l i m i t s o f the zone
would have much p r a c t i c a l va lue . For example a w in te r crop in the SAT may
have q u i t e s i m i l a r environments to a summer one in the temperate zone; d r y -
season cond i t i ons in the SAT may o f t en be q u i t e s i m i l a r to a r i d zone c o n d i -
t i o n s ; thus research in the SAT may be app l i cab le f a r beyond t h i s zone and
research elsewhere may o f t en be q u i t e usefu l w i t h i n the SAT, so the quest ion
o f p rec ise boundaries i s r a t h e r academic.
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AGROCLIMATIC RESOURCE ANALYSIS
IN RELATION TO ECOLOGICAL LAND CLASSIFICATION
The pr imary o b j ec t i v e of eco log ica l land c l a s s i f i c a t i o n is the development
and a p p l i c a t i o n of a uni form eco log ica l i n t e r d i s c i p l i n a r y approach to land
c l a s s i f i c a t i o n f o r resource p lann ing , land management, and environmental
impact assessment. The approach taken is h o l i s t i c in na tu re , recogn iz ing
t h a t the several components of any region ( s o i l s , v e g e t a t i o n , c l i m a t e , e t c )
i n t e r a c t to a po in t where i t may become d i f f i c u l t to d i s t i n g u i s h d i s c r e t e
l i m i t s or boundaries and major i n f l uenc i ng f a c t o r s . Agroc l imat i c resource
ana lys i s can provide input to the c l a s s i f i c a t i o n scheme when there is a 
des i re to r e l a t e d i r e c t l y to land use planning f o r a g r i c u l t u r e .
D i f f i c u l t i e s i n i n t e g r a t i n g c l i m a t i c i n fo rmat ion i n t o the eco lo -
g i c a l land c l a s s i f i c a t i o n process genera l l y r e l a t e to (1) d e f i c i e n c i e s in
c l i m a t i c da ta , (2) the incomplete use of ava i l ab le c l i m a t i c da ta , and
(3) doubt as to which c l i m a t i c elements are e c o l o g i c a l l y c r i t i c a l . Agro-
c l i m a t i c resource ana lys is attempts to i d e n t i f y 1 or more of the c r i t i c a l
e lements, e i t h e r c l i m a t i c or de r i ved , in a p a r t i c u l a r geographical area of
i n t e r e s t . For example, water balance re l a t i onsh ips may be app l ied to c l ima-
t i c data to prov ide a measure of moisture a v a i l a b i l i t y . The crop c l ima te
resource index f a c i l i t a t e s s p a t i a l comparison of the a v a i l a b i l i t y o f mois-
t u r e , as i t a f f e c t s a g r i c u l t u r a l p roduc t ion , among d i f f e r e n t par ts o f a 
r eg i on . Such i n f o r m a t i o n , r e l a ted s p e c i f i c a l l y to the a g r i c u l t u r a l poten-
t i a l o f a r e g i o n , could be in teg ra ted i n t o the l a rge r eco log ica l land c l a s s i -
f i c a t i o n process, which would also in t roduce other f ac to r s such as s o i l qua-
l i t i e s , s i g n i f i c a n t land forms, and other c l i m a t o l o g i c a l i n fo rmat ion (such as
temperature c o n s t r a i n t da ta ) . The r e s u l t i n g c l a s s i f i c a t i o n would bear most
d i r e c t l y on a g r i c u l t u r a l resource p lann ing , management, and assessment.
Assoc ia t ing ag roc l ima t i c resource ana lys is w i t h the l a rge r f i e l d o f
eco log i ca l land c l a s s i f i c a t i o n can be mutua l ly bene f i c i a l to both types of
endeavor. Crop data t ha t can be associated w i t h c l i m a t i c data are o f ten
more r e a d i l y a v a i l a b l e on a reg ional scale basis than are o ther types of
b i o l o g i c a l da ta . Regional b i o c l i m a t i c analyses are the re fo re more f e a s i b l e
w i t h respect to a g r i c u l t u r e than to other types of land use and management,
and the understanding gained through ag roc l ima t i c analyses can c o n t r i b u t e to
the general f i e l d of b i o c l i m a t i c knowledge and thus to eco log ica l land c l a s s i -
f i c a t i o n beyond a g r i c u l t u r a l l and . In t u r n , eco log ica l land c l a s s i f i c a t i o n
work in general can con t r i bu te to understanding of ag roc l ima t i c resources and
can help focus a t t e n t i o n on important f ac to r s tha t might otherwise be missed
in ag roc l ima t i c analyses.
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AGROCLIMATIC CLASSIFICATION METHODS
AND THEIR APPLICATION TO INDIA
The delineation of homogenous soil-climatic zones can help inter-
pret present cropping patterns and can also suggest new cropping 
patterns. The classification systems of Koppen, de Martonne, 
Gaussen, Emberger, Thornthwaite, and Thornthwaite and Mather are 
discussed with regard to their relevance to the semi-arid tropics. 
Classifications based on the duration of moisture availability 
periods that include the approaches of Troll, Hargreaves, Papadakis, 
and Cocheme and Franquin and their applicability to regional crop 
planning are presented. The climatic water budgeting approach has 
been used to prepare maps of India, and soil climatic zones of 
India have been demarcated in this paper. The distribution of 
rainfall amounts is related to the moisture requirements of crops. 
A precise evaluation of climatically analogous regions in the semi-
arid tropics for crop planning would require realistic water budget 
computations in the crop-growing season using short-term data. 
*Dr. Kr ishnan, an Ag roc l ima to log i s t w i t h the Central A r i d Zone Research
I n s t i t u t e , Jodhpur, i s c u r r e n t l y Nat ional Fellow (ICAR) a t the U n i v e r s i t y
o f A g r i c u l t u r a l Sciences, Bangalore, I n d i a .
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A. Kr ishnan*
SUMMARY
INTRODUCTION
Several methods have been suggested f o r the c l a s s i f i c a t i o n of c l ima tes . A t -
tempts have been made to ob ta in a c l a s s i f i c a t i o n tha t w i l l permi t the estab-
l ishment of reg iona l boundaries between areas of uni form c l i m a t i c c o n d i t i o n s .
C l a s s i f i c a t i o n systems w i l l vary according to the purpose f o r which c l a s s i f i -
ca t i on i s made. In regard to a g r i c u l t u r a l needs, the s u i t a b i l i t y o f d i f f e -
ren t crops to var ious areas is in la rge measure c o n t r o l l e d by c l ima te i n t e r -
ac t i ng w i t h s o i l . Thus, i t i s important t o de l inea te homogeneous s o i l -
c l i m a t i c zones, not only to i n t e r p r e t cropping pa t te rns as they e x i s t , but
a lso to loca te i nappropr ia te land use, i f any, and to p ro j ec t new cropping
pat te rns i n cons idera t ion o f eco log ica l f a c t o r s .
However, most of the c l i m a t i c c l a s s i f i c a t i o n s are b i o c l i m a t o l o g i c a l
in nature and attempt to r e l a t e the extent and type of na tu ra l vegeta t ion
on the sur face of the ear th to the c l i m a t i c co n d i t i o n s :
KOPPEN'S CLASSIFICATION
Koppen (1936) d i v ided the wor ld c l imate i n t o the f o l l o w i n g 5 p r i n c i p a l
groups.
1 . T rop ica l ra iny c l imate w i t h subd iv is ions r e l a t i n g to the
absence of a dry season or i t s occurrence in summer or
w i n t e r .
2. Dry c l ima te w i t h subd iv is ions f o r semi -ar id or steppe, and
a r i d o r desert c l ima tes .
3. Warm temperate ra iny c l imate w i t h subd iv is ions on the basis
of occurrence of a dry season.
4. Cold and snow c l ima te .
5. Polar c l i m a t e .
The boundaries between desert and steppe as wel l as dry and t r ee c l i -
mates were drawn by Koppen (1936) on the basis of mean annual temperature and
mean annual p r e c i p i t a t i o n . Using Koppen's method, Bharucha and Shanbhag (1957)
determined the c l i m a t i c types f o r 104 s ta t i ons in Ind ia ( p r e p a r a t i o n ) and
Burma. Koppen's c l a s s i f i c a t i o n was also app l ied to Ind ia by Subrahmanyam et
a l . (1965).
de MARTONNE'S CLASSIFICATION
The f o l l o w i n g index was employed by de Martonne (1926) to d e l i m i t d i f f e r e n t
vege ta t iona l zones o f the e a r t h . This is a s l i g h t m o d i f i c a t i o n o f the r a i n
f a c t o r in t roduced by Lang (1920).
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Annual p r e c i p i t a t i o n (mm)
Mean annual temperature (°C) + 10
. . . . (1)
I = 
According to t h i s c l a s s i f i c a t i o n , i nd ices below 5 cha rac te r i ze t r ue d e s e r t ,
wh i l e those ind ices in the 10 to 20 range correspond to dry s teppe, and 20
to 30 to p r a i r i e s . Ind ices above 30 correspond to f o r e s t v e g e t a t i o n . This
method was used by Pramanik et a l . (1952) and Krishnan and Shankarnarayan
(1964) f o r c l a s s i f i c a t i o n o f the c l ima te o f Rajasthan.
An ombrothermic diagram drawn w i t h these parameters i n d i c a t e s the du ra t i on and
s e v e r i t y of dry months. This c l a s s i f i c a t i o n is based on the xerothermic index,
which takes i n t o account f a c t o r s of temperature , p r e c i p i t a t i o n , number of days
of r a i n , atmospheric humid i t y , m i s t , and dew.
The c l ima te is c l a s s i f i e d as warm, warm temperate, or temperate when
mean temperature is g rea te r than ze ro , and co ld and co ld temperate i f negat ive
mean temperature occurs at c e r t a i n per iods of the year . The c l ima te of r e -
gions w i t h negat ive mean temperatures f o r a l l months of the year is c l a s s i f i e d
as g l a c i a l .
When the xerothermic index is over 300, a reg ion is termed a d e s e r t ,
and when it is between 200 and 300 the reg ion is c l a s s i f i e d as subdeser t .
Mediterranean c l ima te is c l a s s i f i e d f o r xerothermic index values ranging from
0 to 200, w i t h a number of subd iv i s ions depending on the range of the index
va lues. Axer ic c l imates have a xerothermic index of 0. Since r a i n f a l l is
adequate f o r vege ta t ion i n t h i s case, the f a c t o r f o r d e l i m i t a t i o n o f the
b ioc l ima tes is mean temperature ( t ) , as i n d i c a t e d below.
EMBERGER'S CLASSIFICATION
Emberger (1955) suggested the d e l i m i t a t i o n of var ious b ioc l ima tes by means of
a p luv io the rm ic quo t i en t (Q) de f ined as
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P ≤ 2 T . . . . (2)
GAUSSEN'S CLASSIFICATION
In t h i s c l a s s i f i c a t i o n (Gaussen 1955), a dry month is de f ined as a month in
which the t o t a l p r e c i p i t a t i o n (P) expressed in mm is equal to or less than
tw ice the mean temperature (T) of the month expressed in degrees Ce ls ius .
t > 20°C Equator ia l
15° < t < 20°C Subequator ia l
10° < t < 15°C Warm temperate
0° < t < 10°C Temperate
S i m i l a r s u b c l a s s i f i c a t i o n of co ld and co ld temperate c l ima tes is done
on the basis of the combined du ra t i on of f r o s t s and dry seasons in the case of
dese r t , subdeser t , and subaxer ic c l i m a t e s , and the l eng th of the f r o s t y season
in respect o f co ld axe r i c c l i m a t e s . De ta i l ed study o f xerothermic ind ices in
Ind ia and c l i m a t i c c l a s s i f i c a t i o n by t h i s method was done by Legr is and V i a r t
(1959) and Meher-Homji (1960).
. . . . (3)
Where M is the mean maximum temperature (°C) in the ho t t es t month, m is the
mean minimum temperature (°C) in the co ldes t month, and P is the annual r a i n -
f a l l in mm. Unl ike other c l a s s i f i c a t i o n systems, Emberger's quo t i en t cannot
be used by i t s e l f to make a v a l i d c l i m a t i c map. A f t e r mapping the vegeta t ion
zones, Emberger (1955) determined the associated moisture quo t ien ts and o ther
c l i m a t i c values corresponding to these zones. Thus the nor thern l i m i t o f the
a r i d zone in northwest A f r i c a var ies from a Q value of 16 to 40. In charac-
t e r i z i n g the d i f f e r e n t c l i m a t e s , he u t i l i z e d the Q values as wel l as the
actua l mean d a i l y minimum temperature of the co ldes t month. C l ima t i c c l a s s i -
f i c a t i o n of Rajasthan by t h i s method was t r i e d by Krishnan and Shankarnarayan
(1964).
THORNTHWAITE'S CLASSIFICATIONS
Rat ional C l a s s i f i c a t i o n (1948)
The main l i m i t a t i o n of Koppen's wide ly used c l i m a t i c c l a s s i f i c a t i o n is lack of a 
r a t i o n a l basis f o r s e l e c t i n g temperature and p r e c i p i t a t i o n values f o r d i f f e -
ren t c l i m a t i c zones. Thornthwaite (1948) improved on t h i s by i n t roduc ing the
water balance concept in h is c l a s s i f i c a t i o n . He in t roduced the concept of
p o t e n t i a l evapo t ransp i ra t i on and devised an e laborate method f o r i t s computa-
t i o n . He compared the p o t e n t i a l evapo t ransp i ra t ion w i t h p r e c i p i t a t i o n in o r -
der to ob ta in a mois ture index. Since the water surplus (S) and water d e f i -
c iency (d) occur at d i f f e r e n t seasons in most p laces, both must enter i n t o a 
mois ture index , one a f f e c t i n q i t p o s i t i v e l y and the other nega t i ve l y . Al though
a water surp lus in one season cannot prevent a de f i c i ency in another , the former
may compensate the l a t t e r to a c e r t a i n e x t e n t , f o r water surp lus means seasonal
a d d i t i o n to subsoi l moisture and ground water . So, deep-rooted perenn ia ls and
t rees make p a r t i a l use of t h i s water surplus and thus minimize the e f f e c t of
drought . T r a n s p i r a t i o n proceeds, but at a reduced r a t e . For t h i s reason,
Thornthwai te assumed t h a t a surplus of 6 inches in one season w i l l counterac t
a d e f i c i e n c y of 10 inches in another. Thus he gave g rea te r weight to the humi-
d i t y index I h = (100 .S . /n ) than the a r i d i t y index I a = (100 .d . /n ) in the c l i -
mat ic c l a s s i f i c a t i o n , where S is water su rp lus , d is water d e f i c i e n c y , and n 
is water need. For c l a s s i f i c a t i o n purposes he def ined a moisture index ( I m )
by the f o l l o w i n g r e l a t i o n :
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I m = Ih - 0.6 • Ia = 
100 S - 60 d 
n
. . . . (4)
On the basis of t h i s mois ture index, he determined the f o l l o w i n g c l i m a t i c types
by the c r i t e r i a i nd i ca ted beside each.
Q = 
100 P 
(M-m) (M+m)
Cl ima t i c types Mois ture index
A - Perhumid 100 and above
B4 -
Humid 80 to 100
B3 -
Humid 60 t o 80
B2 -
Humid 40 to 60
B1 -
Humid 20 t o 40
C2 -
Mois t subhumid 0 to 20
C1 -
Dry subhumid -20 to 0 
D - Semi-ar id -40 to -20
E - A r i d -60 to -40
In mois t c l i m a t e s , i f the re is a dry season, i t i s necessary to know how
dry i t i s , and in dry c l ima tes to know how wet a wet season i s . Water
d e f i c i e n c y in mois t c l ima tes or surp lus in dry may be l a r g e , moderate, s m a l l ,
o r nonex i s ten t . The re fo re , i t i s impor tant to know whether a place is c o n t i n -
uously dry or whether i t is wet in one season and dry in another .
To do t h i s , Thornthwai te c l a s s i f i e d the f o l l o w i n g subd iv i s ions in terms
o f humid i ty and a r i d i t y i n d i c e s .
Moist c l imates (A, B, C2) A r i d i t y index
r L i t t l e or no water d e f i c i e n c y 0 - 10
S1
Moderate summer water d e f i c i e n c y 1 0 - 2 0
W1
Moderate w i n t e r water d e f i c i e n c y 10 - 20
S2 Large summer water d e f i c i e n c y ≥  20
W2 Large w i n t e r water d e f i c i e n c y ≥  20
Dry c l ima tes (C 1 , D, E) Humidi ty index
d L i t t l e or no water surp lus 0 - 16.7
S1
Moderate summer water surp lus 16.7 - 33.3
W1
Moderate w in te r water surp lus 16.7 - 33.3
S2 Large w i n t e r water surp lus ≥  33.3
W2 Large summer water surp lus ≥  33.3
Thorn thwa i te ' s method f o r de termin ing p o t e n t i a l evapo t ransp i ra t i on spe-
c i f i e s i t as an express ion of day length as we l l as of temperature . Hence the
p o t e n t i a l evapo t ransp i r a t i on can be used as an index of thermal e f f i c i e n c y .
I t is not merely a growth index but expresses growth in terms of the water
needed f o r growth.
In equa to r i a l reg ions where there are very l i t t l e seasonal v a r i a t i o n s
in temperature , a mean annual temperature of 23°C is taken as the boundary
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between megathermal and mesothermal c l ima tes . In sub t rop ica l areas where
there are seasonal v a r i a t i o n s in temperature, a mean annual temperature of
21.5°C is taken as the boundary because the reduced growth and low water need
of w in te r are more than o f f s e t by an accelerated growth and increased water
need in summer. For a s t a t i o n in the equator w i th a mean temperature of 23°C
dur ing each month, the p o t e n t i a l evapo t ransp i ra t ion is 114.0 cm. This was
taken by Thornthwaite as an index separat ing megathermal and mesothermal c l i -
mates, and other l i m i t s f o r boundaries were taken in an a r i t hemat i c progres-
s ion w i t h a common d i f f e rence of 14 cm. The var ious l i m i t s s p e c i f i e d by him
are as f o l l o w s :
T-E index
(cm)
14.2
28.5
42.7
57.0
71.2
85.5
99.7
114.0
48.0
51.9
56.3
61.6
68.0
76.3
88.0
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The seasonal v a r i a t i o n of po ten t i a l evapo t ransp i ra t ion is small at the
equator . Since the v a r i a t i o n s in temperature there are s m a l l , no season can
be c a l l e d summer, and the sum of the p o t e n t i a l evapot ransp i ra t ion of any 3 con-
secut ive months w i l l be roughly 25% of the annual t o t a l . In the case of po la r
regions where the growing season is w i t h i n the 3 summer months, the p o t e n t i a l
evapo t ransp i ra t i on of these months w i l l c o n s t i t u t e 100% of the t o t a l . The sum-
mer concen t ra t ion of the po ten t i a l evapo t ransp i ra t ion thus l i e s between these
l i m i t s and g radua l l y r i ses from 25% to 100% w i t h the increase in l a t i t u d e
owing to an increase in the length of midsummer days and increase in the length
of w i n t e r . The f o l l o w i n g c l i m a t i c subd iv is ions have the re fo re been suggested
in terms of summer concent ra t ion of PE values.
E' Frost /D
1
 Tundra
Cl imat ic type
Microthermal
Mesothermal
Megathermal
C1
C2
B1
B2
B3
B4
A
1
Summer concent ra t ion
percentage Summer concent ra t ion types
a
1
b4
b3
b2
b1
C2
C1
d '
Based on Thorn thwa i te 's method, Subrahmanyam (1956) and Car ter (1954)
c l a s s i f i e d I n d i a ' s c l imate i n t o 6 r eg ions , i . e . , a r i d , s e m i - a r i d , dry subhumid,
moist subhumid, humid, and perhumid, and 5 thermal e f f i c i e n c y t ypes .
Subrahmanyam (1956) subdiv ided the major c l i m a t i c types i n t o subtypes on the
basis of moisture de f i c i ency or surp lus in w i n t e r and summer seasons.
Shanbhag (1956) and Bharucha and Shanbhag (1957) a lso app l i ed the above-men-
t ioned c l a s s i f i c a t i o n method to 104 s t a t i o n s in Ind ia ( p r e p a r a t i o n ) and Burma.
These c l i m a t i c c l a s s i f i c a t i o n s tud ies of Ind ia were based on the data
only of meteoro log ica l observa to r ies f o r which long per iod normals were a v a i l -
ab le . Since the network of such s t a t i o n s is not dense enough f o r d e t a i l e d
c l i m a t i c d e l i n e a t i o n of a r i d and semi -a r id zones in the coun t r y , I c l a s s i f i e d
(1968) the a r i d and semi -a r id zones in Ind ia by u t i l i z i n g not on ly normals of
meteoro log ica l observa to r ies but a lso those o f p r o v i n c i a l raingauge s t a t i o n s ,
which are cons iderab ly more numerous ( F i g . 1 ) . The areas by s ta tes of a r i d
and semi -a r id zones thus determined are presented in Table 1.
Table 1: Areas of arid and semi-arid zones of India, classified state by 
state.
Area (sq km) Percentage of area
State A r i d Semi-ar id i n each s t a t e Remarks
A r i d Semi-ar id
Jammu and Kashmir 70 300 13 780 Cold deser t
Rajasthan 196 150 121 020 61 13
Gujarat 62 180 90 520 20 9
Punjab 14 510 31 770 5 3
Haryana 12 840 26 880 4 3
Ut ta r Pradesh 64 230 7
Madhya Pradesh 59 470 6
Maharashtra 1 290 189 580 0.4 19
Karnataka 8 570 139 360 3 15
Andhra Pradesh 21 550 138 670 15
Tamil Nadu 95 250 10
Tota l a rea , exc lud ing
Jammu and Kashmir 317 090 956 750
Thus, next to Rajasthan, Gujara t has the l a r g e s t area in a r i d zone. In
south I n d i a , the a r i d zone is main ly conf ined to Rayalaseema and a d j o i n i n g
par ts of Karnataka. As regards the semi -a r i d zone, 59% of i t s area is in pe-
n i n s u l a r I n d i a .
As a l ready ment ioned, Krishnan and Shankarnarayan (1964) de l i nea ted
var ious c l i m a t i c zones of Rajasthan by the c l a s s i f i c a t i o n methods descr ibed
above and found t h a t the c l a s s i f i c a t i o n systems of Emberger and Thornthwai te
best r e f l e c t e d the vege ta t i on p a t t e r n .
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Figure 1: Arid and semi-arid zones of India. 
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A R I D ( H O T ) 
S E M I A R I D ( H O T )
A R I D ( C O L D )
S E M I - A R I D ( C O L D )
INDIA
Thornthwaite and Mather's Revised Class i f ica t ion
The bookkeeping procedure and methods of computing the water balance in Thorn-
t h w a i t e ' s 1948 system was improved by Thornthwai te and Mather (1955). In the
o r i g i n a l bookkeeping procedure it was assumed t h a t the s o i l mantle has a capac-
i t y to hold 10 cm of water f o r purpose of evapo t ransp i ra t i on and whenever p re -
c i p i t a t i o n (P) f a l l s shor t o f the water need, i . e . , p o t e n t i a l evapo t ransp i ra -
t i o n (PE), the shortage can be made good from the s tored s o i l mois ture so long
as i t is a v a i l a b l e . When P is in excess of PE, the excess w i l l go f i r s t to
recharge the s o i l to i t s f i e l d c a p a c i t y , and the surp lus w i l l be a v a i l a b l e f o r
r uno f f . To convert t h i s surp lus i n t o r u n o f f , a f a c t o r of 1/2 is used in month-
ly water balance computat ions. Thornthwai te and Mather in t roduced rev ised
procedures f o r the assumption o f the mo is tu re -ho ld ing capac i t y o f the s o i l
as wel l as f o r the ra te o f u t i l i z a t i o n o f s o i l mois ture f o r evapo t ransp i ra t i on
when P f a l l s shor t of PE, f o r the mo is tu re -ho ld ing capac i t y of a s o i l depends
on i t s depth, t ype , and s t r u c t u r e . The depth can vary from a few m i l l i m e t e r s
in shal low sandy s o i l to 300 mm in deep s i l t loam s o i l . But in sandy s o i l ,
p lan ts may be more deep-rooted than in c l ay or s i l t s o i l , and thus there may
be some compensation. However, cons iderab ly vary ing moisture capac i t i e s
e x i s t i n na tu re . Fu r the r , as the s o i l d r i e s , i t becomes d i f f i c u l t f o r the
add i t i ona l water to become a v a i l a b l e from storage to make up the d e f i c i e n c y
caused by the excess of PE over P. So Thornthwai te and Mather increased the
mo is tu re -ho ld ing capac i t y of the s o i l from 100 mm to 300 mm and a lso i n t r o -
duced an exponent ia l dep le t i on pa t t e rn of s o i l mois ture dur ing dry per iods .
For i ns tance , they assumed the f o l l o w i n g r e l a t i o n s h i p :
Storage = F i e l d capac i ty • exp
Where A is the accumulated p o t e n t i a l water l o s s , i . e . , accumulated values of
PE-P over d i f f e r e n t pe r i ods , and F is the f i e l d capac i t y
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. . . . (5)i . e . , S = F • e
A/F
Taking l oga r i t hm we get
Log S = log F + A/F . . . . (6)
Expression o f t h i s i n d i f f e r e n t i a l f o rm, produces
Δ S/S = Δ A/F . . . . (7)
Where Δ S is the amount a v a i l a b l e from s o i l mois ture storage f o r Et and Δ A 
is the PE-P value f o r the per iod concerned. Thus, u l t i m a t e l y we get a l i n e a r
model, imp ly ing t h a t the change in s o i l mois ture storage t h a t w i l l be a v a i l -
able f o r making up the d e f i c i e n c y f o r the per iod concerned is equal t o :
(S to rage /Ava i lab le moixture capac i t y ) x De f i c i ency . Thus a l i n e a r model has
been assumed by Thornthwai te and Mather.
Yet another change made in 1955 in Thorn thwa i te ' s c l a s s i f i c a t i o n is
the e l i m i n a t i o n o f the we igh t ing f a c t o r o f 0.6 f o r the a r i d i t y index in the
moisture index formula so t ha t mois ture index Im is now de f ined as IH - IA ,
where I H i s the index o f humid i ty de f ined as 100 S /n , and I d i s the a r i d i t y
Accumulated p o t e n t i a l water loss
F ie l d capac i t y
index def ined as 100 d/n where S is the water surplus and d is water d e f i -
c iency. Using average annual data we ge t :
d = PE - AE
S = P - AE . . . . (8)
Where P is r a i n f a l l , and AE is the actual evapo t ransp i r a t i on , which is equal
to the sum of r a i n f a l l and change in s o i l moisture storage f o r the per iod
concerned, i . e . ,
AE = P + Δ S . . . . (10)
Thus the rev ised moisture index of the Thornthwaite and Mather (1955) method
can be w r i t t e n as
i . e . ,
The moisture regions according to t h i s rev ised c l a s s i f i c a t i o n are as f o l l o w s :
Im = 100
OR 100 . . . . . (12)
C l ima t i c type
A Perhumid
B4
Humid
B3
Humid
B2
Humid
B1
Humid
C2
Moist subhumid
C1
Dry subhumid
D Semi-ar id
E Ar i d
Moisture index
100 and above
80 - 100
60 - 80
40 - 60
20 - 40
0 - 20
-33.3 - 0 
-66.7 - -33.3
- 100 - -66.7
Thus changes in the l i m i t s from the 1948 c l a s s i f i c a t i o n are a f f ec ted on ly
f o r dry c l ima tes . One obvious l i m i t a t i o n in the 1955 fo rmu la t ion is the omis-
s ion of AE based on the actual water balance from the s p e c i f i c a t i o n of l i m i t s
f o r d i f f e r e n t c l i m a t i c types. The l i m i t s depend only on annual P and PE. The
a r i d i t y and humidi ty ind ices f o r de f i n i ng seasonal v a r i a t i o n o f e f f e c t i v e
moisture thermal e f f i c i e n c y and i t s concent ra t ion a r e , however, the same as
those of the 1948 c l a s s i f i c a t i o n .
The modi f ied c r i t e r i a were adopted by Subrahmanyam et a l . (1965) f o r
mapping c l imates of India in terms of moisture and thermal reg ions . Rao et a l .
(1972) c l a s s i f i e d I n d i a ' s c l imate according to the Thornthwai te and Mather
method. However, they used in the water budgeting procedure the p o t e n t i a l
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. . . . (9)
I m = 100
P-PE
PE
P-AE-PE+AE
PE
P
PE
- 1 
. . . . (11)
evapo t ransp i ra t i on values computed by Penman's method (1948). They used data
of 230 s t a t i o n s in Ind ia and also took i n t o account a v a i l a b l e water capac i ty
of s o i l on the basis of s o i l t ype .
According to t h i s c l a s s i f i c a t i o n , Saurasht ra , Kutch, and west Rajasthan
c o n s t i t u t e the p r i n c i p a l a r i d regions of the count ry . The Bel lary-Anantapur
area in the s ta tes of Karnataka and Andhra Pradesh, r e s p e c t i v e l y , and the
T i r u n e l v e l i region of Tamil Nadu a lso come under t h i s category. P r a c t i c a l l y
the whole of the peninsula east of the Western Ghats, except f o r i t s nor theast
p o r t i o n , and small areas around Visakhapatnam-Kalingapatam region in coasta l
Andhra Pradesh and the Gaya-Jamul area in Bihar f a l l w i t h i n the semi -a r id zone. A 
s t r i p around the a r i d zone of northwest Ind ia a lso f a l l s in t h i s category. The
west coast and ad jo i n i ng Ghats, the Himalayas, Assam, and Meghalaya and small
areas at high a l t i t u d e s in A r a v a l l i s and Vindhyas f a l l w i t h i n the humid to per-
humid zone. The remaining areas in India are c l a s s i f i e d as subhumid. The
f i nd ings of t h i s c l a s s i f i c a t i o n broadly conform to the fea tu res brought out by
Subrahmanyam et a l . (1965) using Thorn thwa i te 's PE values f o r water budgeting
except f o r a semi -a r id pocket in Bihar and an a r i d s t r i p around T u t i c o r i n in
Tamil Nadu.
CLASSIFICATION USING RATIOS OF PRECIPITATION TO EVAPORATION
Transeau (1905) suggested the use of both p r e c i p i t a t i o n and evaporat ion data
in an attempt to combine in a s i n g l e number the in f luences of temperature and
moisture on the d i s t r i b u t i o n of f o r e s t t rees in the eastern USA. Owing to
lack of r e l i a b l e evaporat ion da ta , Meyer (1926) recommended the use of a 
p a r t i a l s u b s t i t u t e f o r evapo ra t i on , i . e . , the r a t i o o f p r e c i p i t a t i o n ( i n
m i l l i m e t e r s ) t o the absolu te s a t u r a t i o n d e f i c i t o f the a i r expressed i n
m i l l i m e t e r s of mercury. Prescot t (1934) and Trumble (1937) used t h i s ap-
proach f o r t h e i r s tud ies o f mois ture cond i t i ons and e f f e c t i v e s o i l mo is tu re ,
r e s p e c t i v e l y , and Hosking (1937) used i t f o r I n d i a .
In the e a r l i e r c l a s s i f i c a t i o n of Koppen (1936) , Thornthwai te (1931,
1933), and o t h e r s , evapo t ransp i ra t i on was assumed to depend mainly on mean
monthly or mean annual temperature , which may not be the case. So, the r a t i o
o f p r e c i p i t a t i o n to evapo ra t i on , i f used in c l i m a t i c c l a s s i f i c a t i o n , may
exp la in the vegeta t ion b e t t e r . The main l i m i t a t i o n in t h i s procedure, however,
is t h a t the evaporat ion data are extremely scanty in the wor ld and more so in
I n d i a . Hence f o r t h i s approach, es t ima t ion of evaporat ion from meteoro log ica l
parameters becomes impor tan t . Considerable e f f o r t has been made in t h i s d i -
r e c t i o n by s c i e n t i s t s throughout the w o r l d ; the e a r l i e s t ones in I nd ia were by
Leather (1913) and Raman and Satakopan (1934). Based on evaporat ion data
c o l l e c t e d at Pusa, Leather developed a formula f o r evaporat ion in terms of
mean temperature, atmospheric moisture d e f i c i t , and wind speed. Adopt ing the
approach of Rowher (1931) , Raman and Satakopan used the f o l l o w i n g formula to
compute evaporat ion at several s t a t i o n s in I n d i a .
Where E is the mean evaporat ion in inches in 24 hours ,
B is the mean barometer reading in inches of mercury,
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E = (1.465-0.0186B) (0.44 + 0.118W) e . . . . (13)
h
- 1 
100
Using t h i s fo rmu la , Bharucha and Shanbhag (1957) computed the P/E index
f o r 104 s ta t i ons in India ( p r e p a r t i t i o n ) and Burma and compared the ranges of
these ind ices w i t h the na t i ve vegetat ion types of I n d i a , as presented by
Champion (1936). The i r main f i nd ings were as f o l l o w s :
A r id and semi-ar id regions w i t h thorn f o r e s t as c h a r a c t e r i s t i c vegeta t ion
have ind ices ranging from 1 to 5. Places w i t h deciduous f o res t s have P/E i n d i -
ces t ha t f a l l in the range 5 to 15. Trop ica l moist deciduous ( s o i l ) regions
f a l l in the range 15 to 20. While the range f o r the t r o p i c a l semi-evergreen
region is above 50.
In the USSR, ind ices of K = P/E where P is annual p r e c i p i t a t i o n in m i l l i -
meters and E is annual evapot ransp i ra t ion in m i l l i m e t e r s have been used (Ivanov
1948). In t h i s fo rmula , E is der ived from the f o l l ow ing r e l a t i o n s h i p :
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E = 0.0018 (25 + t )
2
 (100-a) . . . . (14)
Where t is the mean monthly temperature ( °C) , and
a is the mean monthly r e l a t i v e humidi ty (%).
The c r i t i c a l values f o r d i f f e r e n t c l i m a t i c regions are as f o l l o w s :
I n s i g n i f i c a n t moisture reg ions , i . e . , deserts 0.00 - 0.12
Scanty moisture reg ions , i . e . , semideserts 0.13 - 0.29
I n s u f f i c i e n t moisture reg ions , i . e . , steppes 0.30 - 0.59
Moderate moisture reg ions , i . e . , fo res ted steppes 0.60 - 0.99
S u f f i c i e n t moisture regions 1.00 - 1.49
Excess moisture regions 1.50
According to Popov (1948) the index of a r i d i t y (P) is given by the f o l -
lowing equat ion :
. . . . (15)
P = 
Where g is annual amount of e f f e c t i v e p r e c i p i t a t i o n , t - t ' is annual mean
wet bulb depression ( i n °C) , is a f a c t o r depending on day length.
Budyko (1956) suggested the f o l l o w i n g hydrothermal c o e f f i c i e n t (K) f o r
c l a s s i f i c a t i o n purposes.
K = 
0.18
. . . . (16)
Where 0.18 θ gives the po ten t i a l evapo t ransp i ra t ion in m i l l i m e t e r s , θ is
the annual sum of d a i l y mean temperatures higher than 10°C, and is annual
p r e c i p i t a t i o n i n m i l l i m e t e r s .
As a l ready s t a t e d , Prescot t (1938) in A u s t r a l i a found tha t a c l i m a t i c
index P/S.D would be useful in d e l i n e a t i n g c l i m a t i c boundaries. Prescot t
(1949) f u r t h e r es tab l i shed tha t the degree o f s o i l leaching or the i n t e n s i t y
of evapo t ransp i ra t i on was determined by some power of evaporat ion or sa tu ra -
2.4 (t - t') 
W is the mean wind v e l o c i t y in mi les per hour,
h is the mean r e l a t i v e humidi ty in percent , and
e is the mean vapor pressure in inches of mercury.
θ
Where P is the growing season p r e c i p i t a t i o n , SM is the water in the s o i l at
the beginning of the growing season a v a i l a b l e to c rops , and IR is the growing
season's i r r i g a t i o n requirement ( c a l c u l a t e d ) .
Thus the index is the r a t i o of percentage c o n t r i b u t i o n of growing sea-
son p r e c i p i t a t i o n to the t o t a l amount of water requ i red by the c rop , i f lack
of water is not to l i m i t i t s p roduc t i on . Baier and Robertson (1966) , Holmes
and Robertson (1958) , and Robertson and Holmes (1959) have evolved methods f o r
c a l c u l a t i n g i r r i g a t i o n requirements from c l i m a t i c da ta . These approaches have
been used in the index suggested by Sly (1970) , who found t h a t there was good
r e l a t i o n s h i p between the values of the index and Canadian s o i l - c l i m a t e zones.
According to T r o l l , t h i s c l a s s i f i c a t i o n has been found to be s a t i s f a c -
t o r y to exp la in vege ta t ion zones of t r o p i c a l A f r i c a and South America. The
I n t e r n a t i o n a l Crops Research I n s t i t u t e f o r the Semi-Ar id Trop ics (ICRISAT)
adopted t h i s method f o r c l a s s i f i c a t i o n o f semi -a r id t r o p i c s in I n d i a . However,
t h e i r recent study shows t h a t a p p l i c a t i o n o f t h i s system f o r d e l i n e a t i o n o f
semi -ar id zones in Ind ia using mean monthly p o t e n t i a l evapo t ransp i ra t i on com-
puted by Penman's method (1948) is not s a t i s f a c t o r y , s ince i t places in the
semi -ar id zone areas of the west coast as we l l as some regions in Bihar and
Orissa t ha t normal ly f a l l under subhumid to humid zones. Such d iscrepanc ies
may be p a r t l y due to a r a t he r s t r i n g e n t s t i p u l a t i o n in the method t h a t mean
monthly r a i n f a l l (P) should exceed p o t e n t i a l evapo t ransp i ra t i on (PE) i f the
month concerned is to be a humid month. The du ra t i on when P PE/2 is com-
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1 . T rop ica l ra i ny c l ima te w i t h 9.5 to 12 humid months
2a. Trop ica l summer-humid c l imates w i t h 7 to 9.5 humid months
b. T rop ica l w in ter -humid c l imates w i t h 7 to 9.5 humid months
3. Wet-dry t r o p i c a l c l imates w i t h 4.5 to 7 humid months
4a. T rop ica l dry c l ima tes w i t h 2 to 4.5 humid months ( i n summer)
b. T rop ica l dry c l ima tes w i t h 2 to 4.5 humid months ( i n w i n t e r )
5. T rop ica l semidesert c l imates w i t h less than 2 humid months
CLASSIFICATIONS BASED ON DURATION OF MOISTURE AVAILABILITY PERIODS
T r o l l ' s Classi f icat ion
T r o l l (1965) de f ined humid months as those in which mean r a i n f a l l exceeds mean
p o t e n t i a l e v a p o t r a n s p i r a t i o n . He d i v i ded the t r o p i c a l c l ima tes i n t o the f o l -
lowing c lasses .
I = 
P
P + SM + IR
x 100 . . . . (17)
t i o n d e f i c i t c lose to 75% and the ind ices P/E 0.75 or P/S.D 0.75 were suggested
f o r un iversa l a p p l i c a t i o n as a r i d i t y i n d i c e s . Thus w i t h the improvement o f
the e a r l i e r index, he found t h a t the index 5 S.D 0.75 was in e f f e c t the f i r s t
measure o f evapo t ransp i ra t i on f o r the l i m i t i n g cond i t i ons o f a r i d regions in
A u s t r a l i a (Prescot t 1956).
In Canada, a c l i m a t i c index I, g iven by the f o l l o w i n g formula suggested
by Sly (1970) , has been used f o r s o i l c l i m a t i c c l a s s i f i c a t i o n purposes.
puted on a weekly basis would probably be s u f f i c i e n t , s ince t ha t would f a i r l y
adequately represent the dura t ion of the growing season.
Hargreaves' Classi f icat ion
Hargreaves (1971) def ined a moisture a v a i l a b l e index (MAI) as the r a t i o at the
r a i n f a l l value expected w i t h 75% p r o b a b i l i t y f o r the concerned per iod to the
est imated p o t e n t i a l evapo t ransp i ra t i on . I f t h i s r a t i o i s 0 to 0.33 dur ing a l l
months in a reg ion , the c l imate of the region is c l a s s i f i e d as very a r i d . I f
there are on ly 1 or 2 months w i t h MAI values exceeding 0.34 in the year , the
c l ima te is c l a s s i f i e d as a r i d , and i f there are 3 or 4 consecut ive such months
the c l ima te is considered semi -a r i d . Hargreaves (1975) gave the f o l l o w i n g
moisture d e f i c i t c l a s s i f i c a t i o n s .
MAI
0.00 to 0.33
0.34 to 0.67
0.68 to 1.00
1.00 to 1.33
> 1.34
Very d e f i c i e n t
Moderately d e f i c i e n t
Somewhat d e f i c i e n t
Adequate moisture
Excessive moisture
The p r o b a b i l i t y leve l as wel l as ranges of MAI chosen in t h i s c l a s s i f i -
ca t i on appear to be ra ther h igh . Hargreaves (1971) h imsel f s ta ted t h a t , f o r
some crops or specia l c o n d i t i o n s , a d i f f e r e n t p r o b a b i l i t y l eve l may be more
app rop r i a te . I t i s useful t o t r y t h i s method f o r c l i m a t i c de l i nea t i on i n
Ind ia w i t h an MAI of 0.25 as the l i m i t f o r moderate droughts and 0.50 f o r the
growing season.
Papadakis' Classi f icat ion
a. Average d a i l y maximum and minimum temperatures were used and
grea ter importance was at tached to n i gh t temperatures and
the v e r n a l i z a t i o n e f f e c t o f low temperatures.
b. Winter s e v e r i t y and length of the f r o s t - f r e e season were con-
s idered as a fundamental c h a r a c t e r i s t i c of c l i m a t e .
c. The water balance concept was i nc luded , w i t h p o t e n t i a l evapo-
t r a n s p i r a t i o n being determined as a f unc t i on of the s a t u r a t i o n
d e f i c i t a t midday.
d. A la rge number of thermic and hydr ic types were recognized f o r
c l a s s i f y i n g monthly c l imates o f d i f f e r e n t l oca t i ons in the
wor l d .
73
Papadakis (1961, 1970a, 1975) evolved a new c l i m a t i c c l a s s i f i c a t i o n of the
wor ld i nco rpo ra t i ng the f o l l o w i n g specia l f ea tu res :
There is a very la rge number of thermic types in Papadakis' c l i m a t i c
c l a s s i f i c a t i o n . His main thermic types are as f o l l o w s :
Various ranges of values of l owes t , average d a i l y maximum and minimum
temperatures, average vapor pressure and p r e c i p i t a t i o n are p rescr ibed in the
c l a s s i f i c a t i o n f o r d i f f e r e n t thermic t ypes , thereby f a c i l i t a t i n g e labora te
c l i m a t i c d e l i n e a t i o n s f o r d i f f e r e n t reg ions .
To determine the hydr i c type of the c l i m a t e , mean monthly p o t e n t i a l
evapo t ransp i ra t i on (E) is c a l c u l a t e d from the data of mean d a i l y maximum
temperature and vapor pressure. The f o l l o w i n g formula suggested by Papadakis
(1975) is used.
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E = 5.625 (em a - ed) . . . . (18)
Where E is the monthly p o t e n t i a l evapo t ransp i ra t i on in m i l l i m e t e r s of wa te r ,
ema is sa tu ra ted vapor pressure in mb corresponding to the average d a i l y
maximum temperature, and ed is the average vapor pressure of the month in mb.
On the basis of monthly p r e c i p i t a t i o n (P) and E, the water s to red (W)
from the previous ra i ns is determined. Then the f o l l o w i n g mois ture index (H)
i s de f i ned .
H = 
P + W 
E
. . . . (19)
On the basis of t h i s index , hydr i c types are determined using the f o l l o w i n g
c r i t e r i a .
P+W/E value C l ima t i c type ( h y d r i c )
< 0.25 A r i d (a)
0.25 to 0.50 Dry (s)
0.50 t o 0.75 In te rmed ia te (c )
0.75 to 1.00 In termedia te humid (y)
> 1.00 (w i t h P<E) Posthumid (P)
1.00 to 2.00 ( w i t h P+W-E<100 mm) Humid (G)
> 2.00 (w i t h P+W-E>100 mm) Wet (W)
In fo rmat ion on w i n t e r s e v e r i t y , l eng th o f the f r o s t - f r e e season, l each -
ing r a i n f a l l , drought s t r e s s , and seasonal v a r i a t i o n o f tempera ture , e t c . , are
a lso incorpora ted in the c l a s s i f i c a t i o n . Papadakis (1970b) a lso s tud ied the
1 . Trop ica l (w i t h 9 subtypes)
2. Terra f r i a (w i t h 9 subtypes)
3. Desert (w i t h 9 subtypes)
4 . Subt rop ica l (w i t h 7 subtypes)
5. Pampean (w i t h 9 subtypes)
6. Mediterranean ( w i t h 9 subtypes)
7. Marine ( w i t h 8 subtypes)
8. Humid con t i nen ta l ( w i t h 3 subtypes)
9. Steppe (w i t h 8 subtypes)
10. Po la r -A lp ine (w i t h 5 subtypes)
Apart from r a i n f a l l , the ava i l ab le water in the root zone ( i . e . , sum
of r a i n f a l l and s o i l moisture storage) was also compared w i t h PE f o r the above
ranges, and crop water a v a i l a b i l i t y calendars were prepared f o r the seeding,
emergence, growth, and maturat ion stages. Adopting t h i s approach, Raman
and Sr in ivasamur th i (1971) worked out w a t e r - a v a i l a b i l i t y per iods f o r crop
planning f o r 220 s ta t i ons in I nd ia . They also produced calendars of water-
a v a i l a b i l i t y periods f o r var ious s ta t i ons in Ind ia and presented maps of
several w a t e r - a v a i l a b i l i t y regimes. They not iced t ha t the c l i m a t i c c l a s s i f i -
ca t ions do not show a simple r e l a t i o n s h i p w i t h lengths of w a t e r - a v a i l a b i l i t y
per iods . They also pointed out t ha t c l i m a t i c c l a s s i f i c a t i o n s by Thornth-
wa i te and Mather 's approach are too broad to br ing out the d i f f e rences in the
p r o d u c t i v i t y po ten t i a l of s ta t i ons w i t h i n the same c lass . The d i f f e rences in
a g r i c u l t u r a l p o t e n t i a l appear to be c l ose l y r e l a ted to the durat ions of water-
a v a i l a b i l i t y per iods .
The Climatic Water Budgeting Approach to the Growing Season
In the Central A r i d Zone Research I n s t i t u t e , Jodhpur, maps of Ind ia showing
the normal du ra t ion and commencement and cessat ion dates of the crop-growing
season w i t h n i l o r s l i g h t water s t ress under r a i n fed farming w i th normal r a i n -
f a l l were prepared by Krishnan and Thanvi in 1972 (F igs . 2 -4 ) . These were
computed by the c l i m a t o l o g i c a l water-budget ing approach of Thornthwai te and
Mather (1955), tak ing i n t o account s o i l storage values f o r var ious major s o i l
types of the country and using mean monthly p o t e n t i a l evapo t ransp i ra t i on values
computed by Penman's method.
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P > ET Humid
ET > P > ET/2 Moist per iod
P = ET/2 to ET/4 Moderately dry per iod
P = ET/4 to ET/10 Dry per iod
P < ET/10 Very dry per iod
Method of Cocheme' and Franquin
Matching the dura t ion of a c rop 's growth cyc le to t ha t of water a v a i l a b i l i t y in
d i f f e r e n t regions is an important task in a g r i c u l t u r a l p lann ing . In t h i s
connec t ion , dura t ion of per iods dur ing which r a i n f a l l (P) exceeds se lected
leve l s of evapot ransp i ra t ion (ET) is a most useful index of a g r i c u l t u r a l poten-
t i a l . Accord ing ly , in the s tudies of Cocheme and Franquin (1967) on semi -ar id
areas south of the Sahara in West A f r i c a and of Brown and Cocheme (1969) on the
highlands of East A f r i c a the f o l l ow ing l i m i t s o f water a v a i l a b i l i t y were chosen.
c l i m a t i c requirements of i n d i v i d u a l crops and was able to exp la in the d i s t r i b u -
t i o n of crops in terms of an e laborate c l i m a t i c c l a s s i f i c a t i o n method i n t r o -
duced by him. His method is o r ien ted towards a g r i c u l t u r e and crop requirements,
and c r i t e r i a f o r d i f f e r e n t thermic and hydr ic subtypes of c l imate have been
chosen mainly from t h i s po in t of view. Hence there is considerable scope f o r
the a p p l i c a t i o n o f t h i s method in Ind ia f o r de ta i l ed c l i m a t i c c l a s s i f i c a t i o n .
Figure 2: India, normal commencement date of crop growing season with nil or 
slight moisture stress under rainfed farming. 
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Figure 3: India, normal cessation date of crop season with nil or slight 
moisture stress under rainfed farming. 
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or slight water stress under rainfed farming. 
78
0 100 200 300 400 500 600 700 MILES
INDIA
70° 75° 80° 85° --- 95°
35°
30°
25°
20°
15°
---
5°
95°90°85°80°75°70°
51
10°
15°
20°
25°
30°
35°
SRINAGAR
SIMLA
JAIPUR LUCKNOW
300
240
210
210
270
300
PATNA
BHOPAL
A H M E D A B A D
SHILLONG
300
270
CALCUTTA
BHUBANESWAR 240
210
150
HYDERABAD
210
210
150 180
J20
BANGALORE 180
210
240
210
180
BOMBAY
270
300
210
180
150
120TRIVANDRUM
CEYLON
300
120
MADRAS
The crop-growing season w i t h n i l or s l i g h t water s t ress under r a i n fed
farming was def ined as the per iod f o r which actual evapo t ransp i ra t i on (AE),
est imated by tak ing i n t o account both the r a i n f a l l and the s tored s o i l mois-
t u r e , exceeds h a l f the value o f p o t e n t i a l evapo t ransp i ra t ion (PE), i . e . , the
per iod f o r which AE PE/2.
The per iod of moderate drought under r a i n fed farming was def ined as
the per iod f o r which actual evapot ransp i ra t ion l i e s between 1 /4 th and h a l f o f
the value of the po ten t i a l evapo t ransp i ra t i on , i . e . , PE/2 > AE PE/4. The
per iod of severe drought under r a i n fed farming was def ined as AE < PE/4.
The crop-growing season w i t h l i t t l e water s t ress under r a i n fed farming
f o r the year w i t h normal r a i n f a l l cond i t i ons var ies from less than a month in
the Jaisalmer d i s t r i c t and western por t ions of Barmer, Jodhpur, B ikaner , and
Ganganagar d i s t r i c t s in western Rajasthan to more than 300 days in Assam and
par ts of Kerala. The per iod covers the e n t i r e 365 days in many par ts of
Assam. The por t ions of the northwest and a r i d zone other than the d i s t r i c t s
mentioned above have a normal growing season of 30 to 90 days, wh i l e the a r i d
zone in the southern peninsula has an average growing per iod of 120 days,
due to r ece ip t of r a i n f a l l dur ing the nor theast monsoon. Another region
having less than 120 days of growing season is the southernmost d i s t r i c t s of
Tamil Nadu, which receive most of t h e i r r a i n f a l l dur ing the nor theast monsoon.
The b l a c k - s o i l regions of Vidarbha, Madhya Pradesh, and ad jo in ing
Rajasthan, as wel l as coastal Andhra Pradesh, Or i ssa , Bengal, and eastern
Bihar have a growing season exceeding 210 days. In the Gangetic a l l u v i a l
p l a i ns of U t t a r Pradesh and western B ihar , the growing season is less than
180 days, w i t h an increase towards the south as wel l as n o r t h . In the west-
ern coasta l areas, the growing season g radua l l y increases from 180 days in
Maharashtra State to more than 300 days w i t h the progress ive increase in
r a i n f a l l due to nor theast monsoon and premonsoon thunder showers. I n t e r i o r
pen insu lar Ind ia has genera l l y less than 180 days of growing season, except
f o r the po r t i ons cover ing south Karnataka and ad jo i n i ng Tamil Nadu, where
values exceed 210 days because of c o n t r i b u t i o n s from both monsoon and p re -
monsoon thunder showers.
Dates of commencement. Commencement of the crop-growing season is genera l l y
much ahead of the normal onset of the southwest monsoon in Bengal, B ihar ,
Or i ssa , Madhya Pradesh, Assam, Kera la , and Karnataka, due to considerable
premonsoon thunder showers the re . This fea tu re is s p e c i a l l y marked in Karna-
t aka , Kera la , West Bengal, and Assam. The beginning of the growing season
in the west peninsula var ies from A p r i l in Kerala to the f i r s t week of June
in nor th Maharashtra. The grad ien t is from east to west in nor th I n d i a . I t
va r ies from 1 A p r i l in Assam to l a t e r than 15 Ju l y in western Rajasthan. In
Tamil Nadu, the growing season begins on ly in September/October in the Rama-
nathapuram and T i r u n e l v e l i d i s t r i c t s , e t c . , which rece ive r a i n f a l l mainly
dur ing the nor theast monsoon.
Date of cessation. The growing season ends by the end of September in the
a r i d zone o f northwestern I n d i a , wh i l e i t ends in October-November in the
southern a r i d reg ions. The extension of the growing season beyond February
occurs mainly in east Madhya Pradesh, and southern B iha r , West Bengal , and
Assam. In southeast Tamil Nadu the growing season a lso extends beyond
January-February, but here i t a lso s t a r t s very l a t e .
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Maps of Ind ia showing the beginning and end of the severe drought per iod
under r a i n f e d cond i t i ons (F igs .5 -6 ) were a lso prepared by Krishnan and Thanvi
(1972). Such droughts do not occur in Assam, South Kera la , and eastern par t
of West Bengal. The severe drought begins on 1 October in the northwest a r i d
zone and even much e a r l i e r in the western p a r t . In the southern a r i d zone and
ad jo i n i ng i n t e r i o r po r t i on of Maharashtra S t a t e , the severe drought begins by
the end of November. However, in most of the cen t ra l p o r t i o n of the country
to the east of the l i n e j o i n i n g D e l h i , Udaipur, and Baroda, the commencement
is only in the month of February or l a t e r . This is due to high wa te r -ho ld ing
capac i ty o f the black s o i l r eg i on . In the western coasta l reg ion of Maharashtra
and Karnataka s t a t e s , the r a i n f a l l i s very h igh . In s p i t e o f t h i s severe drought
begins by December-January, probably because of the lower wa te r -ho ld ing capac i ty
of the s o i l . Severe drought commences on ly a f t e r A p r i l in Gwal ior , Guna, J a b a l -
pur Pendra, and Satna region of Madhya Pradesh.
On the average, the severe drought ends ou ts ide the regions of east
B ihar , Tamil Nadu, Karnataka, and southern Andhra Pradesh on ly by 1 May; in
most of these regions i t ends mainly a f t e r 15 May. In the a r i d zone of n o r t h -
west Ind ia the severe drought ends normal ly dur ing the second f o r t n i g h t of
June, except in the Ja isa lmer and Bikaner regions where normal cessat ion of
severe drought is on ly by the f i r s t week of J u l y .
CRITERIA FOR DEMARCATION OF SOIL CLIMATIC ZONES OF INDIA
Krishnan and Mukhtar Singh (1968) demarcated s o i l c l i m a t i c zones of Ind ia by
superimposing the moisture index ([P-PE]/PE x 100) and mean a i r temperature
i sop le ths on a s o i l map of Ind ia showing major s o i l types. Mean annual poten-
t i a l evapo t ransp i ra t i on values (PE) were computed by Thorn thwa i te ' s method,
and P is mean annual p r e c i p i t a t i o n ( F i g . 7 ) . Values f o r a l l s t a t i o n s in
India and ne ighbor ing coun t r i es f o r which long- term normals are a v a i l a b l e were
u t i l i z e d f o r the s tudy. The f o l l o w i n g scale was adopted in d e f i n i n g c l i m a t i c
zone in terms of mois ture i n d i c e s .
Zone No. Mo is tu re - index value Moisture b e l t
1
2
3
4
5
6
7
8
< - 80
- 60 to - 80
- 40 to - 60
- 20 to - 40
0 to - 20
0 to + 50
+ 50 to +100
> 100
Extremely dry
Semidry
Dry
S l i g h t l y dry
S l i g h t l y moist
Moist
Wet
Extremely wet
The classes in terms of temperature were as f o l l o w s :
Mean annual temperature Temperature b e l t
A
B
C
D
E
28°C or more
25°C to 28°C
20°C to 25°C
10°C to 20°C
10°C or less
Very hot
Hot
M i ld
Cold
Very co ld
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Figure 5: Normal cessation date of severe drought periods under rainfed 
farming.
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Figure 6: Normal commencement date of severe drought periods under rainfed 
farming.
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Figure 7: Soil-climatic zones of India. 
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The c l i m a t i c zones based on the mois ture index and thermal index were
superimposed on a s o i l map of Ind ia showing major s o i l types to demarcate 64
s o i l c l i m a t i c zones of I n d i a . The d i s t r i c t s inc luded in each of these s o i l
c l i m a t i c zones, t h e i r geographical coverage, and a c r i t i c a l ana lys i s o f t h e i r
cropping pat te rns have been presented by Krishnan and Mukhtar Singh (1968).
The water de f i c i ency and temperature pa t te rns dur ing kharif ( r a i n y season -
Jun—Sep ) and rabi ( pos t ra iny season - Oct-Jan) cropping seasons were a lso
discussed.
The Crop-Growing Season in Di f ferent Climatic Zones
Table 2 shows the du ra t i on of the crop-growing season under r a i n f e d farming
of 30 se lected s t a t i o n s represent ing t y p i c a l s o i l c l i m a t i c zones o f I n d i a .
While c l i m a t i c zone 1 has a du ra t i on of 10 days, the du ra t i on is a whole year
in po r t i ons of Assam and Kerala coming under zone 8. Durat ion of the c rop-
growing season a lso va r ies cons iderab ly w i t h i n a p a r t i c u l a r c l i m a t i c zone
w i t h the v a r i a t i o n in the wa te r -ho ld ing capac i t y o f the s o i l s . For i ns tance ,
the du ra t i on of the crop-growing season in a l l u v i a l s o i l and medium to deep-
black s o i l s t a t i o n s of c l i m a t i c zones No.2 to 6 is shown below.
Zone A l l u v i a l s o i l Medium to deep black s o i l
2
3
4
5
6
70 days 127 days
119 days 207 days
157 days 244 days
195 days 253 days
195 days (Red sandy s o i l ) 275 days
Thus cons iderab le v a r i a t i o n e x i s t s in the crop-growing season in the
same c l i m a t i c zones under d i f f e r e n t s o i l t ypes . In the c l i m a t o l o g i c a l water
budgeting mentioned above, the a v a i l a b l e s o i l moisture storage in each s t a t i o n ,
depending upon i t s s o i l t ype , has been taken i n t o account. Acco rd ing l y , in a 
region w i t h black s o i l and high a v a i l a b l e moisture s to rage , s o i l mois ture is
a v a i l a b l e to p lan ts from storage f o r a long t ime a f t e r the ra ins cease. This
r e s u l t s in longer crop-growing seasons in these s o i l c l i m a t i c zones. Such
fa c to r s must be taken i n t o account in s e l e c t i n g the proper cropping pa t t e rn
f o r each of these zones. S i m i l a r l y in determin ing o ther forms of land use,
such as establ ishment o f d i f f e r e n t types of f o r e s t s , pasture lands , e t c . , such
a water budgeting ana lys is on a sho r t - t e rm basis would be very u s e f u l . Eco-
l o g i c a l l y , the na t i ve vege ta t ion as we l l as f o r e s t types of d i f f e r e n t regions
are a lso dependent on temperature c o n d i t i o n s , s o i l t ype , and m o i s t u r e - a v a i l -
a b i l i t y per iods based on the wa te r -ba lance , e t c . , as descr ibed above. There-
f o r e , a d e t a i l e d ana lys is would be va luab le in making resource inven to ry and
in land-use p lann ing .
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C l a s s i f i c a t i o n According t o R a i n f a l l C r i t e r i a
Related to Moisture Requirements of Various Crops
In 1976, the Nat ional A g r i c u l t u r a l Commission c a r r i e d out the c l i m a t i c d e l i n -
ea t ion o f Ind ia by examining the monthly r a i n f a l l d i s t r i b u t i o n a t a l l p ro -
v i n c i a l raingauge s t a t i o n s of I n d i a . They chose l i m i t s t h a t have a c lose r
r e l a t i o n to the broad requirements of c rops. Since the t ime-span of most of
the crops is usua l l y 90 days or more, the f o l l o w i n g l i m i t s were set by them.
1. R a i n f a l l of g rea te r than 30 cm per month f o r at l e a s t
3 consecut ive months would be s u i t a b l e f o r a crop l i k e
paddy whose water need is h igh .
2. 20 to 30 cm per month f o r not less than 3 consecut ive
months would be s u i t a b l e f o r crops whose water need is
high but less than t h a t of paddy, e . g . , maize and
black gram.
3. 10 to 20 cm per month f o r at l eas t 3 consecut ive months
is considered s u i t a b l e f o r crops r e q u i r i n g less water ,
e . g . , pearl m i l l e t and small m i l l e t s .
4. 5 to 10 cm per month is j u s t s u f f i c i e n t f o r crops t h a t
have low water requ i rements , e . g . , f i e l d beans
(P. aconitifolius) and ephemeral grasses.
5. R a i n f a l l less than 5 cm per month is not of much s i g n i f i -
cance f o r crop p roduc t ion .
Accord ing ly they adopted the f o l l o w i n g symbolic rep resen ta t ion f o r
r a i n f a l l l e v e l s :
In denot ing the y e a r ' s d i s t r i b u t i o n o f r a i n f a l l the southwest monsoon
months of June to September are given the cen t ra l p o s i t i o n in b racke ts . To
the r i g h t is the d i s t r i b u t i o n f o r the postmonsoon months o f October to January
and to the l e f t is t h a t of premonsoon months, February to May. The number of
months in the respec t i ve season in which monthly r a i n f a l l i s w i t h i n the s p e c i -
f i c l i m i t mentioned above is i n d i c a t e d by a number as a subsc r i p t to the sym-
bols g iven above. Maps showing d i f f e r e n t r a i n f a l l ca tegor ies were drawn f o r
var ious s t a t e s , and i n t e r r e l a t e d r a i n f a l l ca tegor ies were drawn f o r var ious
s ta tes and combined w i t h tahsil ( " coun ty " ) cropping pa t te rns and r e l a t i v e
y i e l d ind ices o f crops o f d i f f e r e n t s ta tes by the Nat ional A g r i c u l t u r a l
Commission.
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Symbol Monthly r a i n f a l l (cm)
A
B
C
D
E
Greater than 30 cm
20-30
10-20
5-10
Less than 5 cm
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
There is cons iderable scope f o r d e t a i l e d c l i m a t i c d e l i n e a t i o n o f Ind ia using
the concepts of Hargreaves and Papadakis. Precise eva lua t ion of c l i m a t i c a l l y
analogous regions in the semi -a r id t r o p i c s o f the wor ld f o r improvement o f
cropping pa t te rns and i n t r o d u c t i o n of improved crop v a r i e t i e s from one region
to another requ i res r e a l i s t i c water-budget computations in the crop-growing
season using sho r t - pe r i od data (a week or 5 days) . The l i n e a r model of Thorn-
thwa i te and Mather (1955) assumes the r e l a t i o n s h i p mentioned in equat ion
5 (S = F .e A / F ) . This model can be improved by cons ider ing the s o i l as
made up of 2 l a y e r s , i . e . , a top l aye r where removal at a p o t e n t i a l r a te can
be assumed and a deeper layer where the l i n e a r model suggested by Palmer (1965)
can be assumed. Fur ther ref inement can be in t roduced by assuming a m u l t i -
l ayer approach and a p p l i c a t i o n of the v e r s a t i l e mois ture budget as proposed
by Baier and Robertson (1966) and Baier (1967) . Numerous d e t a i l s along these
l i nes were given by me in 1979. Considerable i n t e r n a t i o n a l teamwork w i t h
good coo rd ina t i on is requ i red to achieve these o b j e c t i v e s
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AGROCLIMATIC CLASSIFICATION FOR ASSESSMENT OF CROP POTENTIAL
AND ITS APPLICATION TO DRY FARMING TRACTS OF INDIA
To assess the agroclimatic potential of a region, it is necessary 
to classify it into different agroclimatic zones. This paper 
develops a theory for agroclimatic classification based on 
Hargreaves' "moisture availability index" (MAI), which is defined 
as the ratio of assured rainfall to potential evapotranspiration. 
Three improvements have been made on the earlier methodology: 
(1) the MAI has been taken on a weekly basis; (2) minimum assured 
rainfall has been considered at different probability levels; and 
(3) different values of MAI and their duration have been used as
appropriate to various crop phases. The classification, however, 
is recommended with the MAI at the 50% probability level, which 
is considered to be optimum for dryland areas. The main classi-
fication has been further subdivided according to the duration of 
the water stress period and the range of daily average temperature. 
This theory so developed has been applied first to the dry farming 
tract of India and then to a microanalysis of the state of Gujarat. 
*Dr . Sarker is Deputy D i r e c t o r General of Meteorology and Mr. Biswas
is a Meteoro log is t w i t h the Ind ia Meteoro log ica l Department, Pune,
I n d i a .
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SUMMARY
INTRODUCTION
With the eve r - i nc reas ing need f o r f o o d , s h e l t e r , and energy, the task of
maximizing a g r i c u l t u r e and s i l v i c u l t u r e has become an impor tant concern f o r
the e n t i r e human race and is perhaps the f i r s t p r i o r i t y f o r an a g r i c u l t u r a l
country l i k e I n d i a .
I t was once thought t ha t farmers could lea rn to l i v e w i t h the l i m i t a -
t i o n s o f t h e i r l oca l c l i m a t i c cond i t i ons through t r i a l and e r r o r over gen-
e r a t i o n s . But t ha t is no longer t r u e . Modern a g r i c u l t u r e requ i res prec ise
in fo rmat ion on r a i n f a l l , and on f l o o d - and drought-prone areas. It is now
c lea r t h a t to ob ta in maximum y i e l d from a g r i c u l t u r e ( i n c l u d i n g h o r t i c u l t u r e )
and s i l v i c u l t u r e , a proper knowledge of ag roc l ima t i c cond i t i ons is necessary
to plan the most e f f e c t i v e cropping pa t te rn and supplemental i r r i g a t i o n f o r
d i f f e r e n t zones. I t i s t he re fo re not s u r p r i s i n g t ha t cons iderable work has
been done on t h i s sub jec t to generate knowledge t ha t could be used w i t h
b e n e f i t by the a g r i c u l t u r a l community.
This paper discusses a theory of ag roc l ima t i c c l a s s i f i c a t i o n and its
a p p l i c a t i o n to the dry farming t r a c t o f I n d i a , w i t h a more d e t a i l e d a p p l i c a -
t i o n to the s t a t e of Gu ja ra t . The theory may serve a g r i c u l t u r a l s c i e n t i s t s
as a guide f o r p r a c t i c a l a g r i c u l t u r e .
REVIEW OF LITERATURE
E a r l i e r attempts to c l a s s i f y c l ima te mainly centered round the i d e n t i f i c a t i o n
of average annua l , seasonal , or monthly r a i n f a l l and/or temperature regimes
tha t n a t u r a l l y produced c e r t a i n types of vegeta t ion of crops in abundance
(Koppen 1936, Prescot t 1938, Trewartha 1968, Burgos 1958). Thornthwai te
(1948) used the concept of average monthly p o t e n t i a l e v a p o t r a n s p i r a t i o n ,
along w i t h the corresponding r a i n f a l l , t o c l a s s i f y c l ima tes . La te r , Thorn th-
wai te and Mather (1955) improved upon t h i s c l a s s i f i c a t i o n w i t h a "Rat iona l Clas-
s i f i c a t i o n , " which in t roduced var ious degrees of water d e f i c i t and water su rp lus .
Subrahmanyam (1956) used t h i s Rat ional C l a s s i f i c a t i o n method to c l a s s i f y the
c l imate of I n d i a . To assess the a g r i c u l t u r a l p o t e n t i a l o f var ious c o u n t r i e s ,
Papadakis (1966, 1975) used a very simple water-balance technique along w i t h
average maximum and minimum temperature. Although Thornthwai te and Mather
and Papadakis used some k ind of comparison between the moisture requ i red by
p lants and t h a t a v a i l a b l e from p r e c i p i t a t i o n , the r e s u l t s obtained by them
are not q u i t e s a t i s f a c t o r y , as the respec t i ve empi r ica l formulae used by them
to compute evapo t ransp i ra t i on are not u n i v e r s a l l y a p p l i c a b l e . Moreover, the
per iod used by them is too long in comparison w i t h the l i f e cyc le of an
a g r i c u l t u r a l c rop . A l s o , t h e i r methods do not enable planners to assess the
element o f r i s k invo lved f o r fa rmers .
Cocheme and Franquin (1967) computed the water balance f o l l o w i n g the
simple bookeeping procedure of Thornthwai te and Mather (1955) and t r i e d a 
c l a s s i f i c a t i o n based on d i f f e r e n t degrees of monthly r a t i o of P ' /PE, where P'
is the sum of r a i n f a l l and ground storage ( a v a i l a b l e water in the roo t zone)
and PE is the p o t e n t i a l e v a p o t r a n s p i r a t i o n . The r a t i o s of P'/PE equal to
1/8, 1/4, 1/2, and 1 were success ive ly computed, and the i n t e r v a l s between
the successive l i m i t s were def ined as dry (D) , moderately dry (MD), mois t (M),
and humid (H ) , r e s p e c t i v e l y . The cond i t i o n P'/PE > 1 was c a l l e d humid (H) .
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The m e r i t of t h i s approach is t h a t the length of the growing season can be
determined f o r crop planning at a p a r t i c u l a r l o c a t i o n . They used t h i s method
in i n t e r p r e t i n g the semi -a r id areas south of the Sahara in West A f r i c a . How-
ever , the method appears ra the r d i f f i c u l t f o r g lobal c l a s s i f i c a t i o n o f
c l ima tes . They a lso suggested i n c l u s i o n o f the r i s k f a c t o r from p r o b a b i l i t y
or r a i n f a l l determined by semi - l oga r i t hm ic d i s t r i b u t i o n .
T r o l l (1965) proposed a c l a s s i f i c a t i o n c a l l e d the "Seasonal Cl imates
of the E a r t h , " using monthly r a i n f a l l and p o t e n t i a l evapo t ransp i ra t i on c a l c u -
la ted by Penman's method (1948). His c l a s s i f i c a t i o n was based on the dura-
t i o n of a r i d and humid months. The month having more mean r a i n f a l l than
mean p o t e n t i a l evapo t ransp i ra t i on is de f ined as a humid month; otherwise i t
is an a r i d month. He d i v i ded the c l ima te of the wor ld i n t o 6 groups, each
group associated w i t h some type of vege ta t i on . For example, the semi -a r id
area is def ined as one where the humid months are from 2 to 7. The method
appears q u i t e s a t i s f a c t o r y in d e l i n e a t i n g areas in very broad te rms, but
cannot prov ide the k ind of l a r g e - s c a l e i n fo rmat ion needed f o r a g r i c u l t u r e .
T r o l l ' s c l a s s i f i c a t i o n , when app l ied to the c l ima te o f I n d i a , i s found
to s u f f e r from a number of d e f e c t s . For example, the Kutch area and the
western ex t rem i t y of West Rajasthan are c l a s s i f i e d as semi -a r id though they
are a c t u a l l y a r i d . A number of s t a t i o n s l i k e Jodhpur, Hyderabad, and Jalgaon
are placed in the same group, which is d i f f i c u l t to accept from the po in t of
view of vege ta t i on . The same method has been app l i ed by ICRISAT in u t i l i z i n g
data f o r about 300 l o c a t i o n s . The map developed by ICRISAT a lso is not s a t i s -
f a c t o r y . In t h i s map, the areas around Saurashtra and the cen t ra l par ts of
East Rajasthan have been placed in the a r i d zone, but i t is we l l known t h a t
groundnut and o ther o i l s e e d s , and sorghum and pear l m i l l e t are grown in these
areas. S i m i l a r l y , areas in pa r t of Karnataka and Rayalaseema and par ts of
Madhya Maharashtra have b e e n c l a s s i f i e d under the a r i d zone, a l though seasonal
crops are grown in most of these areas. Another la rge area in Or i ssa , West
Bengal , B iha r , and Andhra Pradesh has been categor ized as s e m i - a r i d , a l though
the r a i n f a l l is more than 150 cm and r i c e is grown in p l e n t y . Some of these
po in ts are mentioned in ICRISAT's Agroc l imato logy Progress Report 2 (1978).
In view of these shor tcomings, one would h e s i t a t e to accept T r o l l ' s c l a s s i -
f i c a t i o n , p a r t i c u l a r l y f o r t r o p i c a l areas. Chowdhary and Sarwade (1980) sug-
gested t h a t a combinat ion of humid and a r i d months would g ive a more s a t i s -
f a c t o r y c l a s s i f i c a t i o n .
Another impor tant c l a s s i f i c a t i o n , proposed by Hargreaves (1971) , was
based on the monthly mois ture a v a i l a b i l i t y index (MAI) , which he def ined as
the r a t i o o f monthly p r e c i p i t a t i o n a t the 75% p r o b a b i l i t y l eve l to monthly
p o t e n t i a l e v a p o t r a n s p i r a t i o n . He in t roduced the r i s k f a c t o r by using a 
p r o b a b i l i s t i c r a i n f a l l va lue ins tead of the monthly average. He emphasized
the importance of c o n t i n u i t y of the per iod when MAI is less than 0 .34.
Although he took i n t o account the r i s k f a c t o r , which is necessary f o r crop
p lann ing , we fee l t h a t h is c l a s s i f i c a t i o n has the f o l l o w i n g shortcomings:
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a. Only 1 r i s k f a c t o r has been taken i n t o account
b. The month is too long a per iod f o r modern cereal crops
c. An MAI value > 0.34 has been considered adequate f o r a l l
the growth stages of the crops.
PRESENT STUDY
On the basis of the MAI, we made a broad c l a s s i f i c a t i o n , which we
f u r t h e r subdiv ided on the basis of the dura t ion of the water s t ress p e r i o d .
Fur ther subd iv i s ions were made depending upon the average d a i l y temperature
range, and s o i l types were superimposed to get real ag roc l ima t i c c l a s s i f i c a -
t i o n .
Moisture A v a i l a b i l i t y Index (MAI)
For our s p e c i f i c c l a s s i f i c a t i o n , the moisture a v a i l a b i l i t y index (MAI) is
def ined as f o l l o w s :
Choice of Di f ferent Probabi l i ty Levels
I t goes w i thou t saying t ha t the p lanner , whether a farmer or a h y d r o l o g i s t ,
must know the ex ten t of r i s k invo lved in h is endeavor. A study t ha t uses
average or normal r a i n f a l l cannot inc lude t h i s r i s k f a c t o r . In the dry farming
t r a c t o r low r a i n f a l l a reas , there is considerable y e a r - t o - y e a r d e v i a t i o n from
the normal. In such low r a i n f a l l areas, the normal r a i n f a l l (month ly , seasonal ,
or annual) is q u i t e o f ten f a r too shor t of the water requirements of the c rops.
But experience shows t h a t on a number of occasions crops are success fu l l y
r a i s e d . Apparen t l y , in such years the r a i n f a l l is more than the normal value
and meets the water demand of the crops. So, f o r any crop p lann ing , one should
know from long records the chances of meeting the water requirement of the
crops. Acco rd ing l y , p lanning has to be done on a p r o b a b i l i s t i c b a s i s , which
takes i n t o account the chance of success or f a i l u r e . We have computed t h i s
minimum assured r a i n f a l l (AR) at d i f f e r e n t p r o b a b i l i t y l eve l s by use of i n -
complete gamma d i s t r i b u t i o n , which forms the basis of t h i s s tudy.
Range of MAI Used
A p lan t growing under na tu ra l cond i t i ons requ i res water main ly f o r 3 purposes:
(1) t r a n s p i r a t i o n f o r maintenance o f i t s l i f e process, (2) evaporat ion from
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MAI = 
a. Consider weekly MAI, r a the r than monthly
b. Consider d i f f e r e n t r i s k f a c t o r s , instead of one, so t h a t
the planner can choose his own r i s k leve l
c. Consider MAI > 0.3 and > 0 . 7 , depending upon the crop-growth
phase.
In t h i s paper we present a methodology f o r ag roc l ima t i c c l a s s i f i c a t i o n using
the MAI but i n t roduc ing the f o l l o w i n g 3 mod i f i ca t i ons in the methodology
developed by Hargreaves (1971).
Assured r a i n f a l l
Po ten t i a l evapo t ransp i ra t ion
s o i l , and (3) growth. The f i r s t 2 together c o n s t i t u t e e v a p o t r a n s p i r a t i o n .
The l a s t component is so small compared to the sum of the f i r s t 2 t h a t i t is
neglected in agrometeoro logica l s t u d i e s , and actua l evapo t ransp i ra t i on is
taken as a good measure of the water requirement of crop p l a n t s .
I t i s d i f f i c u l t t o ob ta in data on ac tua l e v a p o t r a n s p i r a t i o n , which
va r ies w i t h the growth of the p lan t and a l s o , to some e x t e n t , from crop to
c rop . However, i t i s assumed in a l l agrometeoro log ica l s tud ies t h a t the
p o t e n t i a l evapo t ransp i ra t i on covers the maximum requirement of f u l l y - g r o w n
crop p lan ts ( the peak per iod of t h e i r mois ture demand) cover ing the s o i l
sur face complete ly . I t has been found t h a t du r ing the e a r l y stage of crop
growth ( f i r s t 3-4 weeks) the ac tua l evapo t ransp i ra t i on is about one-quar ter
of the p o t e n t i a l r a t e owing to small and sparse f o l i a g e , and t ha t the maximum
demand may even s l i g h t l y exceed the p o t e n t i a l r a te i f the s ize of the f i e l d
is not too la rge and there is cons iderab le advect ion of sens ib le heat i n t o the
crop f i e l d (R ip lay 1966). But experiments have shown t h a t due to i t s b u i l t - i n
na tu ra l p r o t e c t i v e capac i t y , a p l an t can narrow i t s stomatal openings to r e -
s t r i c t t r a n s p i r a t i o n when there is mois ture s t ress and can grow almost
normal ly as long as the mois ture supply does not f a l l below about t h ree -
quar te rs o f the p o t e n t i a l r a t e (Arnon 1972). A f t e r complet ion o f g ra i n
f o r m a t i o n , the water demand dec l ines r a p i d l y , becoming very small at the
r i pen ing stage (Holmes and Robertson 1963).
In view of the above, c l a s s i f i c a t i o n in the present study has been
made on the assumption t h a t a crop w i l l be near l y normal i f i t gets moisture
vary ing from 0.3 to 0.7 of p o t e n t i a l evapo t ransp i ra t i on commencing from germi-
nat ion to complet ion o f the g r a i n - f o r m a t i o n s tage.
Choice of Interval
As mentioned e a r l i e r , a month is too long a per iod compared to the crop l i f e .
Plant breeders are cons tan t l y evo lv ing s h o r t e r - d u r a t i o n v a r i e t i e s w i t h a view
to producing a l a r g e r number of crops per year . Use of monthly r a i n f a l l su f -
f e r s from another de fec t a l s o . There are areas where even dur ing the he igh t
of the wet season the d a i l y r a i n f a l l va r ies immensely in amount; so much so
t h a t a month's average r a i n f a l l may be r e a l i z e d in on ly a few days (say a 
week or even l e s s ) , wh i l e the r e s t of the month may go d r y . I f t h i s happens
dur ing the e a r l y pa r t o f the l i f e o f a c rop , t h i s may cause i t i r r e p a r a b l e
damage. In the t r o p i c s where the r a i n f a l l is showery and h i gh l y f r e a k i s h in
i n t e n s i t y , amount, and d i s t r i b u t i o n (both in t ime and space) , the week must
be used as the u n i t of t i m e , at l eas t f o r the f i r s t 3 to 4 weeks of the crop
l i f e and not more than 2 weeks beyond t h i s .
Optimum Moisture A v a i l a b i l i t y Index
An index c a l l e d the "optimum mois ture a v a i l a b i l i t y index (OMAI)" has been c a l -
cu la ted f o r the respec t i ve area u n i t s . This is de f ined as the r a t i o o f assured
r a i n f a l l (weekly , b iweek ly , or monthly) a t the 50% p r o b a b i l i t y l eve l to the
p o t e n t i a l evapo t ransp i ra t i on of the same p e r i o d . Al though the MAI index has
been ca l cu l a ted f o r 40 , 50, 60 , and 70% p r o b a b i l i t y l e v e l s , our c l i m a t i c
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c l a s s i f i c a t i o n has been done on the basis of the index at 50% leve l f o r the
f o l l o w i n g reason:
In c a l c u l a t i n g MAIs at any p r o b a b i l i t y l eve l the minimum assured r a i n -
f a l l f i gu res have been used, but the MAIs of many i n d i v i d u a l years may have
higher values than i nd i ca ted by t h a t p a r t i c u l a r p r o b a b i l i t y and may have a 
b e t t e r chance of a g r i c u l t u r a l success. Use of assured r a i n f a l l at the 50%
p r o b a b i l i t y l eve l i nd ica tes a chance of a g r i c u l t u r a l success h igher than 50%.
It has been observed t h a t the MAI f o r many weeks f o r most of the s t a -
t i ons is 1.0 or more and very small or zero f o r 40 and 70% l e v e l s of proba-
b i l i t y , r e s p e c t i v e l y . Hence the use of these p r o b a b i l i t i e s may lead to un-
r e a l i s t i c r e s u l t s . An examination of the MAIs f o r the remaining 2 p r o b a b i l i t y
l eve l s (50 and 60%) shows t h a t a l l of them g ive almost the same r e l a t i v e
g rada t i on .
It is accepted tha t 40% is too low a p r o b a b i l i t y f o r p lann ing . On the
other hand, w i th the 60% leve l of p r o b a b i l i t y , the du ra t i on of MAIs at the
0.7 l eve l ( the minimum necessary f o r most of the c rop 's l i f e ) becomes too
l i t t l e . The 50% p r o b a b i l i t y s a t i s f i e s the c r i t e r i o n of MAI values of 0.3 f o r
e a r l y and 0.7 f o r subsequent growth stages of the crop l i f e .
Table 1 gives the MAIs of weekly and biweekly assured r a i n f a l l at
d i f f e r e n t p r o b a b i l i t y l eve ls f o r a few se lected s t a t i o n s . I t can be seen t ha t
c l a s s i f i c a t i o n based on weekly MAIs at the 50% p r o b a b i l i t y l eve l remains
p r a c t i c a l l y the same as t ha t of biweekly at the 60% l e v e l . In other words,
f o r the purposes of c l a s s i f i c a t i o n , use of weekly MAIs at the 50% p r o b a b i l i t y
leve l is equ iva len t to using biweekly MAIs at 60% p r o b a b i l i t y , both in du ra t i on
and in accumulated r a i n f a l l dur ing the per iod when the MAI is more than 0 .3 .
An examinat ion of MAIs and assured accumulated r a i n f a l l (AAR) at var ious l eve l s
leads to the conclus ion t h a t , in gene ra l , dependab i l i t y increases by 10% if one
switches over from weekly to biweekly a n a l y s i s . But , as mentioned e a r l i e r , i t
should be kept in mind tha t though the minimum water requirement f o r the crop
in i t s e a r l y stage i s low, i t i s very suscep t ib le to moderately prolonged
moisture d e f i c i e n c y . Hence choice of a biweekly assured r a i n f a l l is not
des i rab le f o r the ea r l y growth s tage , p a r t i c u l a r l y in areas where t ime v a r i a -
b i l i t y o f r a i n f a l l i s h igh . There fo re , use o f weekly assured r a i n f a l l a t the
50% p r o b a b i l i t y l eve l seems to be the best choice f o r c l a s s i f i c a t i o n of areas
on the basis of the MAI, as i t a lso covers 60% p r o b a b i l i t y w i t h biweekly r a i n -
f a l l f o r t h a t growth stage when the crop has developed the capac i ty to stand
moisture s t ress f o r a week or so. Hence the MAIs obtained by using assured
weekly r a i n f a l l at 50% are c a l l e d the optimum moisture a v a i l a b i l i t y index
(0MAI) and are used in the method app l ied here.
By means of the 0MAI mentioned above, f o r the 23rd to the 42nd week
(4 June-21 October) the area under study has been c l a s s i f i e d i n t o broad agro-
c l i m a t i c zones as given below. Increas ing 0MAI both in du ra t i on and magnitude
is denoted in a lphabe t i ca l order o f the Engl ish c a p i t a l l e t t e r s s t a r t i n g from
" D . " Some l e t t e r s at the beg inn ing , i . e . , "A" to "C , " have been reserved f o r
c l a s s i f i c a t i o n of the a r i d zone where annual r a i n f a l l is less than 400 mm.
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No. of weeks of 0MAI
C l a s s i f i c a t i o n at 0.3 at 0.7
D < 10 < 1 
E > 10 > 1 
F > 11 > 4 
G > 14 > 7 
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Subdivisions based on water stress period. The midmonsoon-season water
s t ress per iod ( i . e . , when OMAI is less than 0 . 3 ) , has been designated by the
use of numerical s u f f i x e s to the above c l a s s i f i c a t i o n in the ascending order
of d u r a t i o n . S u f f i x 1 i nd i ca tes t h a t there is hard ly 1 week's water s t ress
p e r i o d , wh i l e s u f f i x e s 2, 3, and 4 i n d i c a t e 2 to 3 weeks ' , 4 to 5 weeks ' ,
and more than 5 weeks' water s t r e s s , r e s p e c t i v e l y .
Classi f icat ion for Temperature
The use of p o t e n t i a l evapo t ransp i ra t i on in t h i s c l a s s i f i c a t i o n takes i n t o
account a i r tempera ture , r a d i a t i o n (sunshine d u r a t i o n ) , r e l a t i v e humid i ty and
aera t i on (wind speed) , and the meteoro log ica l f a c t o r s known to i n f l uence the
hea l th and growth of p l a n t s .
Over and above these i n t eg ra ted f a c t o r s , i t i s f e l t t h a t average a i r
temperature dur ing the growing season plays a v i t a l r o l e in the y i e l d . So,
the general c l a s s i f i c a t i o n must a lso be based on temperature range. In our
c l a s s i f i c a t i o n , the d a i l y average temperature i s ca tegor ized in the f o l l o w i n g
way:
Symbol
Average d a i l y
temperature (°C) Durat ion in the year
Polar T1 5-10 2-4 months (warmer pa r t of the year )
Subpolar T2 5-10 5-7 months (warmer par t of the year)
Temperature T3
5-10 6-8 months (coo le r p a r t of the year )
T4 10-20 4-7 months (warmer pa r t of the year)
T rop ica l T5
10-20 4-6 months (coo le r pa r t of the year )
T6
20-30 6-8 months (warmer pa r t of the year )
Equato r ia l T7
25-30 Throughout the year
Thus a s t a t i o n may be c l a s s i f i e d as D1 T5, D2 T6 e t c .
END OF THE GROWING SEASON
Cessation of the ra i ny season does not mean the end of the crop season. Crops
can t h r i v e on s to red mo is tu re . I t is t h e r e f o r e necessary to determine the
amount of mois ture s to red in the s o i l at the end of the season when the MAI is
only 0 . 3 . This could be done by the water -ba lance techn ique , which is not
w i t h i n the scope of t h i s s tudy . However, the cumulat ive seasonal evapo t ransp i -
r a t i o n f o r d r y - l and crops l i k e sorghum, e t c . , even under r e l a t i v e l y f avo rab le
moisture c o n d i t i o n s , may be on ly 65% of PET (Jensen 1968). R ip lay (1966) ob-
served t h a t in many farm crops seasonal water use ranged from 55% to 75% of PET.
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The Ind ia Meteoro log ica l Department i n s t a l l e d about 35 lys imeters in
var ious s o i l and c l i m a t i c zones of the country to determine the water r e q u i r e -
ment of var ious crops. Venkataraman et a l . (1976) found t h a t the cumulat ive
seasonal ET is about 70% of PET. It has, t h e r e f o r e , been assumed in t h i s
study t h a t the d i f f e rence between the seasonal t o t a l assured r a i n f a l l and
t w o - t h i r d s of the PET of the same per iod w i l l go i n t o the s tored s o i l moisture
and the p lan t can use it even a f t e r the end of the ra iny season.
APPLICATION OF THE METHODOLOGY
The theory of ag roc l ima t i c c l a s s i f i c a t i o n developed here has been app l ied to
the dry farming t r a c t of Ind ia (compris ing 87 d i s t r i c t s ) . In the case of the
e n t i r e dry farming t r a c t we have taken 1 s t a t i o n f o r each d i s t r i c t . On the
basis of the above a n a l y s i s , the dry farming t r a c t of Ind ia has been d iv ided
i n t o 4 ag roc l ima t i c zones--D, E, F, and G (F igs . 1-4) .
Before we discuss the zones and t h e i r crop p o t e n t i a l , i t is necessary
to have an idea about the water requirements of crops of var ious du ra t i ons .
This in fo rmat ion is not a v a i l a b l e , but i t has been recognized t ha t about 325
to 525 mm of water are necessary in the low r a i n f a l l zone to ra i se a summer
crop l i k e sorghum, pearl m i l l e t , cowpea, e t c . Our present ana lys is shows t ha t
accumulated assured r a i n f a l l (AAR) f o r 10 to 12 weeks dur ing which MAI is
equal to or more than 0.3 (o f which 3-6 weeks' MAI > than 0.7) var ies from
220 to 270 mm. We the re fo re be l ieve t h a t a s h o r t - d u r a t i o n crop (10-12 weeks)
requ i res about 250 mm of AAR. S i m i l a r l y , a medium-duration crop of 12 to 16
weeks would requ i re about 350 mm, and a l ong -du ra t i on crop of more than 16
weeks would requ i re more than 400 mm. Our d iscuss ion in the f o l l o w i n g para-
graphs regard ing crop p o t e n t i a l at d i f f e r e n t p r o b a b i l i t y l eve l s has been
based on these assumptions.
The Crop Potential Zones
Area D. This is the l ow -c rop -po ten t i a l area of the dry farming t r a c t . Figure 1 
shows t h a t area D occurs in 3 places in the t r a c t . The f i r s t is the western
par t o f the t r a c t extending from the Jamnagar d i s t r i c t o f Gujarat to Ferozepur
in Punjab. The second inc ludes par ts of Ahmednagar, Pune, Sa ta ra , Sholapur,
and Sangl i d i s t r i c t s of Maharashtra. The t h i r d f a l l s in Karnataka and i n -
cludes por t ions o f the d i s t r i c t s o f B i j a p u r , Raichur, B e l l a r y , Kurnoo l , and
Anantpur.
In area D, there may be a break of 0MAI of 1-week d u r a t i o n , and in
many cases it may be of 4 to 5 weeks. Assured r a i n f a l l is 80 to 100 mm in
the western pa r t of the t r a c t in Gujarat and 200 to 225 mm in Punjab at the
50% p r o b a b i l i t y l eve l ( F i g . 3 ) . Crop product ion w i thou t i r r i g a t i o n is almost
a specu la t i on . However, at some s t a t i o n s where AAR is from 200 to 250 mm and
there is hard ly any break in 0MAI, a s h o r t - d u r a t i o n crop may be r a i s e d .
At the 40% p r o b a b i l i t y l e v e l , accumulated r a i n f a l l is low-around 220 to
250 mm-in the Pa l i area of Rajasthan, Dhond in Pune d i s t r i c t of Maharashtra,
and the Be l l a r y d i s t r i c t of Karnataka. A s h o r t - d u r a t i o n crop may be ra i sed
in most par ts of area D.
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Figure 1: India, agroclimatic classification (dry farming tract of India).
D < 10 < 1 
E > 10 > 1 
F > 11 > 4 
G > 11 > 7 
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Figure 2: India, accumulated assured rainfall (cm) at 30% level. 
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Figure 3: India, accumulated assured rainfall (cm) at 50% level. 
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Figure 4: India, accumulated assured rainfall (cm) at 70% level. 
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Crop prospect is high at the 30% p r o b a b i l i t y l e v e l , as assured r a i n f a l l
is as high as 500 mm at some of the s t a t i o n s ( F i g . 2 ) .
As r a i n f a l l i s the l i m i t i n g f a c t o r o f crop p roduc t i on , a l l so r t s o f
commercial crops may be discouraged in t h i s r eg ion . Areas where the break
is more than 2 weeks are s u i t a b l e f o r pasture development and c a t t l e r e a r i n g .
Area E. Figure 1 shows t ha t area E extends from Rajkot in Gujarat along the
east s ide of area D up to Punjab through Rajasthan and Haryana. A second
par t is spread from Ahmednagar d i s t r i c t in Maharashtra up to the coasta l area
of the Cudappah d i s t r i c t in Andhra Pradesh through Satara , Pune, Sholapur, and
the Sangli d i s t r i c t s of Maharashtra and B i j a p u r , and the Be l l a r y and Tumkur
d i s t r i c t s of Karnataka. The crop p o t e n t i a l of t h i s area is not very high
because the dura t ion of the OMAI at more than 0.3 ranges from 10 to 13 weeks,
and at more than 0.7 it ranges from 1 to 5 weeks. Figure 3 shows t ha t assured
r a i n f a l l is about 200 mm in the S i roh i d i s t r i c t and adjacent area of Rajasthan,
and 350 to 375 mm in Karnataka and Andhra Pradesh at the 50% p r o b a b i l i t y l e v e l .
A shor t - to -medium-dura t ion crop may be ra i sed at most of the s t a t i o n s .
Many s ta t i ons rece ive as much as 460 mm accumulated assured r a i n f a l l
at the 40% p r o b a b i l i t y l e v e l , so some s o i l moisture may be a v a i l a b l e at the
end of the ra iny season. A med ium- to - long-dura t ion crop may be ra ised from
t h i s area, as crops can t h r i v e on s tored mois ture f o r a few weeks even a f t e r
cessat ion of the ra iny season.
A l ong -du ra t i on crop may be ra ised at most of the s t a t i o n s in t h i s
area once in 3 yea rs , as the AAR ranges from 530 mm at Ahmednagar in Maha-
rash t ra to 940 mm at Tumkur in Karnataka ( F i g . 2) and crops can use s tored
moisture at the end of the ra iny season.
Area F. L ike region E, area F a lso occurs in 2 p laces. The nor thern par t
comprises vast areas of Gu ja ra t , Rajasthan, U t ta r Pradesh, and a small po r t i on
of Haryana and Punjab ( F i g . 1 ) . The southern par t s t re tches from the Nasik
d i s t r i c t of Maharashtra to Kanyakumari in Tamil Nadu. A la rge po r t i on of
Karnataka and Andhra Pradesh a lso comes w i t h i n t h i s ag roc l ima t i c zone.
Figure 3 gives the AAR at the 50% p r o b a b i l i t y l e v e l . As there is
hard ly any break of the OMAI and assured r a i n f a l l is 230 to 450 mm around the
Sangli area of Maharashtra and Madhpura in Rajasthan, a medium-durat ion crop
may be ra ised at most of the s t a t i o n s once in 2 yea rs .
At the 40% p r o b a b i l i t y l eve l the crop prospect is h i g h , as the AAR
ranges from 330 mm at Sangl i (Maharashtra) to 730 mm at Idar ( G u j a r a t ) . Two
sho r t - du ra t i on crops or a mixed crop may be ra ised in t h i s reg ion at t h i s
l e v e l .
A sho r t - du ra t i on crop may be ra ised at the 60% p r o b a b i l i t y l eve l at
some of the s t a t i ons where the AAR is from 225 to 250 mm.
Area G. This is the h ighest crop p o t e n t i a l zone of the dry farming t r a c t .
This area cons is ts of small po r t i ons of U t ta r Pradesh, Madhya Pradesh, Gujarat ,
and Tamil Nadu, and cons iderab le par ts of Maharashtra and Andhra Pradesh.
The po r t i on in Tamil Nadu enjoys the nor theas t monsoon. The growing season,
t h e r e f o r e , d i f f e r s s i g n i f i c a n t l y from the res t o f the areas o f t h i s r eg i on .
The OMAI at 0.3 or more ranges from 14 to 19 weeks and is from 7 to 13
weeks at 0.7 or more; the AAR ranges from 330 to 480 mm. Some s tored mois-
t u r e w i l l be a v a i l a b l e at some of the s t a t i o n s . A crop of 13 to 18 weeks'
du ra t i on may be ra ised in t h i s reg ion under r a i n f e d cond i t i ons once in 2 years .
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At the 60% p r o b a b i l i t y l e v e l , most of the s t a t i o n s have the p o t e n t i a l
to grow a med ium- to -shor t -dura t ion c rop , as assured r a i n f a l l ranges from 180
mm at Dharmapuri d i s t r i c t of Tamil Nadu to 380 mm at the Nanded d i s t r i c t of
Maharashtra.
The AAR at the 70% l e v e l , shown in Figure 4, is from 200 to 250 mm at
a number of l o c a t i o n s . A s h o r t - d u r a t i o n crop may, t h e r e f o r e , be ra i sed at
these places in 7 out of 10 yea rs .
Crop prospects are very high at the 40% p r o b a b i l i t y l e v e l , as the AAR
ranges from 460 to 850 mm. Two s h o r t - d u r a t i o n crops or a mixed crop may be
ra ised i n t h i s region a t t h i s l e v e l .
Although c l a s s i f i c a t i o n has been done on the basis of 50% p r o b a b i l i t y
of r a i n f a l l , i t can be seen t ha t sometimes in a p a r t i c u l a r area the prospect
of producing a crop at t h i s p r o b a b i l i t y l eve l is very dim. For example, in
the ag roc l ima t i c zone D, at many s ta t i ons the accumulated assured r a i n f a l l
at 50% p r o b a b i l i t y l eve l is not s u f f i c i e n t to grow a c rop , but there could be
s u f f i c i e n t moisture at the 30% p r o b a b i l i t y l eve l to grow a c rop , which means
one could grow a crop once in 3 years . S i m i l a r l y , in high r a i n f a l l zones
(G) there could be many s ta t i ons where the assured moisture may be s u f f i c i e n t
to grow a crop at the 60 to 70% p r o b a b i l i t y l e v e l , which means t h a t one could
expect to produce a crop in 6 to 7 years out of 10. We have the re fo re given
the assured accumulated r a i n f a l l at 30, 50, and 70% p r o b a b i l i t y l eve ls in
Figures 2, 3, and 4 , r e s p e c t i v e l y .
APPLICATION TO GUJARAT
We have a lso d i v ided the dry farming t r a c t s of Maharashtra and Gujarat i n t o
4 ag roc l ima t i c zones, D, E, F, G, by using 84 and 81 s t a t i o n s , r e s p e c t i v e l y .
Figure 5 shows the resu l t s f o r Gu ja ra t . This microana lys is d iv ides the small
areas i n t o d i f f e r e n t ag roc l ima t i c zones t ha t could not be located in the
macroanalysis o f the e n t i r e dry farming t r a c t . This br ings out c l e a r l y the
necess i ty of microanalys is to assess the crop p o t e n t i a l of small areas. In
Figure 5, we have a lso superimposed broad s o i l i n f o r m a t i o n , which shows t h a t
an ag roc l ima t i c zone can be f u r t h e r subdiv ided on the basis of the s o i l char-
a c t e r i s t i c s .
I t may be mentioned t h a t the e n t i r e dry farming t r a c t of Gujarat f a l l s
in the temperature category T6.
C O N C LU S I ON
The a g r o c l i m a t i c c l a s s i f i c a t i o n of a l l the dry farming t r a c t s of Ind ia has
brought out many i n t e r e s t i n g f e a t u r e s . The area could be d i v ided i n t o 4 
ag roc l ima t i c zones of d i f f e r e n t crop p o t e n t i a l s . The lowest crop p o t e n t i a l s ,
area D, comprises 3 p a r t s . Rainfed a g r i c u l t u r e does not s u i t t h i s area.
However, a s h o r t - d u r a t i o n crop may be ra ised in t h i s area once in 3 years .
Area E has the p o t e n t i a l to ra i se crops in about 40% of the years . Rainfed
crops can be success fu l l y ra i sed in area F once in 2 years . Region G, where
crops may be grown about 60% of the years is the h i g h e s t - c r o p - p o t e n t i a l area.
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The core of the l ow -c rop -po ten t i a l a rea , or s c a r c i t y zone, could be
c l e a r l y i d e n t i f i e d from the accumulated assured r a i n f a l l a t the 50% l e v e l .
Fu r the r , i t appears from t h i s ana lys is t h a t wh i l e a macro-scale ana lys is can
g ive some broad aspects of crop p o t e n t i a l , i t is essen t i a l to do the ana lys is
on a microsca le so t h a t the s p e c i f i c areas of vary ing crop p o t e n t i a l and the
s c a r c i t y zone can be p inpo in ted and s p e c i f i c recommendations drawn up.
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CLIMATIC CLASSIFICATION: CONCEPTS FOR DRY TROPICAL ENVIRONMENTS
In many c l a s s i f i c a t i o n s , p r e c i p i t a t i o n d e f i c i t s inc lude those ou t -
s ide the ra iny season. The nonrainy-season d e f i c i t s are la rge and
outweigh the comparat ively small d e f i c i t s in the ra iny season. So
a t t e n t i o n must be paid to eva lua t ing these d e f i c i t s on a seasonal
bas is . In look ing f o r isocl imes a 1:1 correspondence in time sca le
is not r equ i red . For example our w in te rs may be comparable to
spr ings in h igher l a t i t u d e s . This aspect should be kept in view.
My impression is t ha t the method of Russell and Moore al lows one
to compare the growing season of one par t of the wor ld w i t h the
growing season in another par t of the wor ld which in f a c t may be
outs ide the semi -a r id t r o p i c s . Seasonal c l a s s i f i c a t i o n seems to
have a d i s t i n c t advantage.
Is there any way in which one can choose the a t t r i b u t e s t h a t are
re levant to a g r i c u l t u r a l purposes?
I t i s poss ib le t o s e l e c t the a t t r i b u t e s f a i r l y r e a d i l y .
I l i k e your reference to the two kinds of c l a s s i f i c a t i o n systems.
You say t h a t ICRISAT should adopt a known methodology or system
of c l a s s i f i c a t i o n , but when we do t h a t we get i n t o d i f f i c u l t i e s .
We used T r o l l ' s methodology. When we use sparse data and ex ten-
s ive da ta , we get two c a r t o g r a p h i c a l l y d i f f e r e n t kinds of s i t u a -
t i o n s . Again , when we r e l y more on the k ind of f l o r a tha t are
found on the ground, those areas are d e l i m i t e d e n t i r e l y d i f f e r -
e n t l y . What are your views on t h i s sub ject? How should we r e a l l y
go about i t ?
I have some views on t h i s myse l f ; I would also l i k e to hear views
of o t he r s . T r o l l ' s c l a s s i f i c a t i o n has a neatness and s i m p l i c i t y
about i t t h a t i s a t t r a c t i v e . On the o ther hand, i t obv ious ly
gives r i s e to the s o r t of pat terns t h a t appear on the map. I am
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SUMMARY OF DISCUSSIONS
FIRST SESSION
A . T . Grove
Grove:
V i rman i :
Grove:
Gadg i l :
Grove:
Venkataraman:
a f r a i d tha t t h i s may be due to s t a t i o n s t h a t have 1 or 2 months
w i t h very h igh r a i n f a l l and o ther months in which r a i n f a l l is
qu i t e high but not as high as p o t e n t i a l evapo t ransp i ra t i on to
appear in the semi -a r i d t r o p i c s . One might improve on t ha t
cons iderab ly by using some s o r t of general p r i n c i p l e .
How can we use s a t e l l i t e p i c t u r e s to c l a s s i f y the c l imate and use
t h a t c l a s s i f i c a t i o n t o t r a n s f e r technology?
I would l i k e to hear the views of others on t h i s .
S a t e l l i t e imagery i s seen to f i t we l l w i t h the pa t t e rn o f na tu ra l
v e g e t a t i o n . The zone of the evergreen f o res t s comes out in grey
c o l o r , deciduous f o res t s in brown, and so on . Now, knowing the
assoc ia t i on of r a i n f a l l quantum w i th f o r e s t t y p e s , we do get an
idea about c l i m a t i c zones in the Western Ghats where the c l i m a t i c
s t a t i o n s are few and are w ide ly d ispersed. The a g r i c u l t u r a l
zones do not come out so d i s t i n c t l y and we do not have very de-
t a i l e d photographs. The French s a t e l l i t e t h a t w i l l be going i n t o
o r b i t in 1982 w i l l have a much b e t t e r r e s o l u t i o n , down to about
20 meters. So we expect much more from s a t e l l i t e imagery in the
years to come.
I want to supplement what Dr. Meher-Homji s a i d . In a r i d areas,
wherever the network o f observa tor ies is very scan ty , s a t e l l i t e
imagery has been handy and been used to assess the process of
d e s e r t i f i c a t i o n .
I t is too ea r l y to comment on the suggest ion t h a t ICRISAT should
adopt one of the accepted c l a s s i f i c a t i o n s . For c l i m a t i c c l a s -
s i f i c a t i o n we requ i re the c l i m a t i c and vege ta t ion cond i t ions
throughout the yea r , wh i l e s a t e l l i t e images g ive only the cu r ren t
cond i t i ons o f c rops. This r e a l l y i s i n s u f f i c i e n t f o r c l a s s i f i c a -
t i o n purposes. You had mentioned t h a t a p a r t i c u l a r place may be
semi -a r i d in one y e a r , a r i d in another , and so on . We cannot
expect to c l a s s i f y on a y e a r - t o - y e a r b a s i s . We can base our
c l a s s i f i c a t i o n e i t h e r on an average or on a p r o b a b i l i s t i c b a s i s ,
using long- term records . A number of methods had been reviewed
by you but I f i n d some of the recent ones, l i k e Hargreaves' method,
are not d e a l t w i t h .
I am w i l l i n g to accept these c r i t i c i s m s . Just a word about
s a t e l l i t e imagery. I t h ink i t i s o f great value in drawing
boundaries t o the semi -a r id zone o r d i v i s i o n s w i t h i n i t . I t
would be usefu l on some occasions to have some correspondence
between the maps of the c l i m a t i c regions or subregions and the
s a t e l l i t e imagery, so t h a t by super impos i t ion one can ob ta in
s a t e l l i t i c i n v e n t o r i e s , which are o f ten very r e v e a l i n g . I t h i n k
those c l i m a t i c c l a s s i f i c a t i o n s I have omi t ted have been r e f e r r e d
to in other papers. No doubt you w i l l be hear ing about them at
a l a t e r s tage .
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Regarding s a t e l l i t e imagery I th ink what Dr. Grove re fe rs to is
g e t t i n g v i sua l percept ion of the c l i m a t i c v a r i a t i o n from one area
to another . I do not t h i n k he is suggest ing it as a method of
c l a s s i f i c a t i o n by i t s e l f . In mentioning tha t an area is humid
in one year , semi -a r id in another yea r , and a r i d in a t h i r d yea r ,
Dr. Grove is t r y i n g to make a po in t about the v a r i a b i l i t y ra the r
than saying tha t we need a c l a s s i f i c a t i o n every y e a r , if I under-
stand him r i g h t .
Quite r i g h t .
In most of the c l a s s i f i c a t i o n systems, which o r i g i n a t e d in Europe,
temperature has been taken as a proxy f o r po ten t i a l evapot ransp i -
r a t i o n . For a r i d and semi -a r id areas, advec t i on , e t c . are much
more important as c o n t r i b u t i n g fac to rs to p o t e n t i a l evapot ransp i -
r a t i o n . What is your v iew, as a geographer, on the use of tempe-
ra tu re as a proxy f o r p o t e n t i a l evapot ransp i ra t ion?
I don ' t th ink I am in a p o s i t i o n to speak f o r geographers in
general on t h i s sub jec t . In recent years there have not been
many pub l i ca t i ons by geographers on t h i s s u b j e c t , as f a r as I . 
know, at leas t ou ts ide the t r o p i c s . However, temperature is no
longer being used in l i e u o f p o t e n t i a l evapo t ransp i ra t i on .
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CLASSIFICATION OF SEMI-ARID TROPICS:
CLIMATIC AND PHYTOGEOGRAPHIC APPROACHES
One should use p r o b a b i l i t y r a i n f a l l and not average r a i n f a l l in
c l a s s i f i c a t i o n s . Again i t i s not the quantum o f the r a i n f a l l but
mainly the d i s t r i b u t i o n t h a t is impor tan t . Do you not t he re fo re
fee l tha t cons ider ing the year as a u n i t is u n r e l i a b l e and t ha t
the per iod should be 10 or 15 days?
Yes. I f u l l y agree w i t h you . In f a c t we have f o r c e r t a i n regions
considered the d a i l y r a i n f a l l dur ing the main ra iny season and
looked i n t o spe l l s w i t h regu la r and i r r e g u l a r r a i n s . For example,
we found tha t at Anantapur in many years the f i r s t ra ins a r r i v e
in the second week of June. But a f t e r t h i s there is a per iod of
u n r e l i a b l e r a i n f a l l . R a i n f a l l tends to become regu la r in the
second week of J u l y . So we suggested t h a t ins tead of doing the
sowing of paddy w i t h the f i r s t r a i n , the farmer should w a i t f o r a 
per iod of 2 weeks or 20 days and do the sowing when the r a i n becomes
r e g u l a r . I th ink we have to consider the c r i t i c a l spe l l s t h a t would
a f f e c t a g r i c u l t u r a l p roduct ion or a f f e c t the vege ta t i on . And I am
of the op in ion t h a t we should not look at the drought spe l l s f o r the
semi -a r id c l imate on l y . We have to look i n t o v a r i a b i l i t y f o r the
humid-zone s t a t i o n s also because high value cash crops are grown
t h e r e . For example, in 1976 the ra ins a r r i v e d l a t e at Mercara and
the crops of the cof fee and cocoa were a f f e c t e d .
On the basis of your s tudy , could you quan t i f y the ex ten t of de-
crease of r a i n f a l l due to de fo res ta t i on? There are c o n f l i c t i n g
repor ts in the l i t e r a t u r e . In the Andamans we no t i ced a 7 to 10%
decrease due to lack of f o r e s t cover.
I t r i e d but I could not a r r i v e at a d e f i n i t e f i g u r e , because there
are so many problems. Unless we car ry out a survey ou rse l ves , I 
t h i n k q u a n t i f i c a t i o n is r a the r d i f f i c u l t . But we are t r y i n g to
get a t t h a t f i g u r e .
I l i k e your probable-year concept. I f we could def ine the e n v i r o n -
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ment of say, a m i l l e t crop w i t h reference to s e n s i t i v e periods
and agronomic c r i t e r i a i t would give us an index of dependabi-
l i t y o f a g r i c u l t u r e i n the semi -a r i d t r o p i c s .
I agree t ha t i f these two are l i n k e d t o g e t h e r , t h i s could help
in crop p lann ing .
What you are cons ider ing is the du ra t i on of a r i d i t y . Now i f
two s t a t i o n s receive d i f f e r e n t amounts o f r a i n f a l l in the
same p e r i o d , say 3 months, the a r i d i t y du ra t i on is 9 months.
When the r a i n f a l l ceases, the s o i l mois ture s torage may not be
d i f f e r e n t f o r the s t a t i o n s and they end up w i t h the same k ind
of p lan t on the ground. The re fo re , t h i s k ind o f c l a s s i f i c a t i o n
would make a l o t of d i f f e rence a g r i c u l t u r a l l y .
Could you g ive an example?
Let us say Jodhpur and D e l h i ; both have r a i n f a l l f o r 3 months.
But the value o f the a r i d i t y f a c t o r would be d i f f e r e n t and i t
would be h igher f o r Jodhpur than f o r New De lh i .
They are c l a s s i f i e d in the same zone.
I am using a range of values from 8.5 to 10 .5 , so you have a l l
p o s s i b i l i t i e s accord ing t o t ha t degree o f a r i d i t y .
When you take only the a r i d i t y as a measure of the du ra t ion and
i n t e n s i t y o f the dry s p e l l , i t does not g ive good c l a s s i f i c a t i o n
of the vege ta t ion t ype .
Yes. but i f you cons ider i t i n r e l a t i o n t o the c l a s s i f i c a t i o n
f a c t o r then i t g ives good correspondence w i t h the vegeta t ion
t ype .
You sa id t h a t some kinds of vegeta t ion are found both in the
a r i d and sem i -a r i d areas. This is vague and needs to be very
c l e a r l y known. What c r i t e r i a can we use to d e l i m i t the t r op i cs?
I t h i n k f o r a l l p r a c t i c a l purposes we can adopt the l i m i t given
by the 18°C mean annual i so therm. We can a lso de f ine the sub-
t r o p i c a l c l ima te on the basis of the ampl i tude of temperature
and the d i f f e r e n c e between the summer r a i n f a l l and the w i n t e r
r a i n f a l l . In Ind ia the mountain system of the Himalayas super-
imposes some fea tures on the temperature of the sub t rop i ca l
p l a i n s .
In the t a b l e r e l a t i n g to the probable y e a r , how and why were
only 31 s t a t i o n s se lected?
They were se lec ted at random, mainly from the dry b e l t of I n d i a ,
to serve as examples.
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Only 6 out of 31 s ta t i ons had over 50% of years as probable
yea rs . This ra ises the quest ion o f a p p l i c a b i l i t y o f the
probable-year concept.
I agree tha t we have to take i n t o cons idera t ion more s t a t i o n s ,
and the idea has to be s tud ied in d e t a i l . We should conf ine
ourselves to the growing per iod s i t u a t i o n , and I would l i k e to
develop t h i s aspect more. That i s , i f the r a i n f a l l is on the
excess s i d e , it does not do any damage but when the dev i a t i on
is on the minus side then i t is going to a f f e c t the growing
crop.
Now the geographic approach covered some of my r e l a t e d work
in the same area , I am using phenology, bloom da te , e t c . , of
the c rop , which can produce tha t p a r t i c u l a r connect ion.
Unfor tunate ly the phenology is not understood completely f o r
our evergreen f o r e s t s . That i s , the same t ree does not f l ower
every year . I f you ask the f o r e s t e r , he would say t h a t the
species f lower every y e a r , but not the same t r e e . But we are
t r y i n g to get a c o r r e l a t i o n between l e a f f a l l and c l i m a t i c
data. In Kodaikanal the l e a f f a l l var ied from 3.5 tonnes/ha
per year to about 8 tonnes/ha per year in 3 successive y e a r s .
We are t r y i n g to examine in g rea ter d e t a i l l ea f f a l l in
r e l a t i o n t o c l i m a t i c f a c t o r s .
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USE OF PRINCIPAL COMPONENT ANALYSIS
IN RATIONAL CLASSIFICATION OF CLIMATES
In your ana lys is you have used r a i n f a l l da ta , but more re levan t
to a g r i c u l t u r e i s the mois ture a v a i l a b i l i t y ; t h i s o f course
would invo lve not only r a i n f a l l but a lso o ther components o f
moisture balance, such as evapo t ransp i ra t i on . This is some-
th i ng I would l i k e you to keep in mind in fu tu re a n a l y s i s .
I have a lso been t h i n k i n g about i nc lud ing p o t e n t i a l evapo-
t r a n s p i r a t i o n and working in terms of excess or d e f i c i t o f
p r e c i p i t a t i o n over p o t e n t i a l evapo t ransp i ra t i on . I f you have
any concrete suggest ions, I would apprec ia te them.
I do not have a concrete suggest ion. In our s i t u a t i o n any
formula based on the temperature alone would not be appro-
p r i a t e .
The zero order c l u s t e r i n g does not g ive anyth ing more than
what is a v a i l a b l e in the annual pa t t e rn of r a i n f a l l . The
three h i l l s t a t i ons t h a t you have i s o l a t e d should have a lso
come under Category 1. Again you could not get a subc lus te r
between and in the Western Ghats and Assam. Even w i t h 4000
raingauge s ta t i ons we fee l sometimes t ha t t h i s network is
not s u f f i c i e n t ; then how, w i t h only 145 s t a t i o n s , could you
consider the network s u f f i c i e n t and s t ab l e f o r c l u s t e r ana ly-
s is? You say t ha t the c l a s s i f i c a t i o n done by ICRISAT and the
c l a s s i f i c a t i o n done by you are s i m i l a r . Now, p o t e n t i a l evapo-
t r a n s p i r a t i o n has been taken i n t o account in the c l a s s i f i c a -
t i o n done by ICRISAT. You are g e t t i n g the same from r a i n f a l l
ana lys is on l y . Does it mean t ha t one need not consider
evapo t ransp i ra t ion a t a l l ?
I d id not compare or con t ras t T r o l l ' s c l a s s i f i c a t i o n w i t h mine.
What I d id po in t out was t ha t i f you superpose the c l a s s i f i c a -
t i o n of Virmani et a l . , based on T r o l l ' s method, on to my
c l u s t e r s , you f i n d t ha t what tended to be a r e l a t i v e l y homo-
geneous a r i d zone in f a c t is comprised of two c l i m a t i c regimes
or two c l us te r s w i t h d i s t i n c t r a i n f a l l p a t t e r n s . I don ' t c la im
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t h a t w i t hou t p o t e n t i a l evapo t ransp i ra t i on you can get re -
a l i s t i c o r appropr ia te c l a s s i f i c a t i o n f o r ag roc l ima to l og i ca l
purposes. A l l I t r i e d to show was t h a t t h i s has a leve l of
d e t a i l t h a t i s absent in T r o l l ' s c l a s s i f i c a t i o n . I agree
w i t h your remarks on the zero order c l a s s i f i c a t i o n . However,
the e f fec t i veness of the p r i n c i p a l component method comes out
in the f i r s t o rder . Regarding the west coast and Assam, I 
had only Mahabaleshwar as the peak s t a t i o n in the Western
Ghats; a l t o g e t h e r I have something l i k e 20 s t a t i o n s . Regard-
ing network and s t a b i l i t y of c l a s s i f i c a t i o n I wish to
c l a r i f y t h a t what I meant by s t a b i l i t y was w i t h respect to
methodology. The use of data from only 145 s t a t i o n s , I agree,
is a c o n s t r a i n t , and to t h a t ex tent there w i l l be a l i m i t to
the number and k ind of c l i m a t i c regions t h a t w i l l emerge.
I f you use 4000 s t a t i o n s you are l i k e l y to get more, but per-
haps not many more, c l u s t e r s . I would l i k e to t e s t t h i s .
You have s ta ted t h a t you dropped about 70 s t a t i o n s and the
boundaries are s t i l l the same. This po in t has great r e l e -
vance if i t can help decide the data base to which we can
r e s t r i c t ou rse lves .
The dropping of the s t a t i o n s was not random. Roughly h a l f of
the s t a t i o n s from each c l u s t e r were om i t t ed . This is impor-
t a n t .
In your groupings under " F , Hyderabad, Sholapur, and
Ahmednagar come under one c l u s t e r . At Ahmednagar it is
d i f f i c u l t to get a k h a r i f ( ra iny-season) crop w i t hou t
i r r i g a t i o n . At Sholapur one can w i t h some d i f f i c u l t y get a 
rab i (pos t ra iny-season) crop. At Hyderabad one can get more
assured k h a r i f c rops . S i m i l a r d iscrepancies are seen in the
" J " and "K" c l u s t e r s . We know t h a t even a h i g h - r a i n f a l l zone
l i k e the west coast w i l l have s u b c l u s t e r s . I t he re fo re f e e l
t h a t the output i s c e r t a i n l y quest ionab le from the c l u s t e r i n g
po in t of v iew. Secondly, you have used the mean values of
a l l the pentads. But you could as we l l have taken care of
y e a r - t o - y e a r v a r i a t i o n s by using p r o b a b i l i t y f i g u r e s f o r these
pentads. The need f o r us ing a mois ture a v a i l a b i l i t y f a c t o r
has been mentioned by Mr. Peacock and Dr. H a r i k r i s h n a . We
f i n d t h a t the length o f the per iod o f assured r a i n f a l l o f
about 2 cm per week at 50% p r o b a b i l i t y br ings out the c l u s t e r -
ing q u i t e e f f e c t i v e l y . My p o i n t is whether , by use of i n v o l -
ved and compl icated methodology, we are ach iev ing anyth ing
b e t t e r than what is brought out by a p r o b a b i l i t y ana lys is
w i t h some cons ide ra t i on of mois ture a v a i l a b i l i t y ?
I w i l l leave the f i n a l quest ion to the dec is ion o f the
exper ts gathered he re . Regarding the c l u s t e r i n g o f s t a t i o n s
associated w i t h d i f f e r e n t a g r i c u l t u r a l seasons I would be
wor r ied only i f s t a t i o n s having t o t a l l y d i f f e r e n t r a i n f a l l
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pat terns had come in one c l u s t e r . As f a r as I can see, the
c lus te rs tha t have emerged are c o n s i s t e n t . I t is not f a i r
to imagine tha t you w i l l get ag roc l ima t i c zones s o l e l y from
r a i n f a l l data i n p u t . I d id not have t ime-se r ies data
and can also use p r o b a b i l i t y da ta , i f a v a i l a b l e .
Have you taken r a i n f a l l amounts i n t o account?
Yes, both r a i n f a l l v a r i a t i o n and the actual amount go in as
basic data. Now if you had two s t a t i o n s w i th an i d e n t i c a l
p a t t e r n , but w i th d i f f e r e n t amounts o f r a i n f a l l they would
l i e on the same l i n e through the o r i g i n but they would not
co inc ide .
A f t e r having uni form spacing of i s o l i n e s in any v a r i a b l e ,
you w i l l not get any g roup ing , but you are going to have
something very re levan t a g r i c u l t u r a l l y . You have a bunch of
va r i ab les t ha t you put i n t o the system and come out w i t h ones
t h a t w i l l g ive you the demarcations or groupings. I am
wondering i f t h i s system biases towards va r iab les t h a t lend
themselves to g roup ing , whether or not the va r iab les are
r e l e v a n t . A re la ted quest ion here depends on the p r i n c i p a l -
component s tage : supposing the most re levan t v a r i a t i o n s come
up in the f i r s t or the second stage c l i m a t i c a l l y they would
be more r e l e v a n t .
The po in t is we l l t aken . Where there are monotonic changes,
you do not get good c l u s t e r s . S t i l l , p r i n c i p a l component
ana lys is helps in the most economic represen ta t ion of the
v a r i a t i o n , and i f a t a l l any c l us te r s are poss i b l e , they
ought to be brought out by t h i s . In c e r t a i n features
th ings would not c l u s t e r and i t would be b e t t e r to look at
t h e i r v a r i a t i o n s . I t h i n k t ha t what you are t r y i n g to say
is t h a t the f i r s t pa t t e rn i s h igh l y p r e d i c t a b l e in some
places and t ha t i t i s v a r i a b i l i t y in the second t ha t de ter -
mines a g r i c u l t u r e . The re fo re , the second may be more r e l e -
vant . One has to keep t h i s in mind when one analyzes t ime-
ser ies data and adopt an appropr ia te d e f i n i t i o n t ha t would
get the maximum v a r i a t i o n out in the f i r s t .
131
Kr ishnan:
Gadg i l :
G.D.V. W i l l i a m s :
Gadgil : 
SECOND SESSION
CLIMATIC CLASSIFICATION OF SEMI-ARID TROPICS
IN RELATION TO FARMING SYSTEMS RESEARCH
As per T r o l l ' s c l a s s i f i c a t i o n large areas in Orissa and Madhya Pradesh,
where ra i n fed r i c e is grown, are classed as s e m i - a r i d . Parts of
Karnataka, Madhya Pradesh, Maharashtra, and Andhra Pradesh, are c l a s -
sed as a r i d . This does not seem c o r r e c t .
The important pa r t o f T r o l l ' s c l a s s i f i c a t i o n i s tha t i t emphasizes
the dry season, ranging from 7.5 months to 10 months in a year . So
from the a g r i c u l t u r a l p o t e n t i a l you have a 75-day to a 150-day crop-
growing pe r i od . I don ' t th ink i t is very important whether you grow
r i c e or maize or a m i l l e t .
We may grow r i c e in the a r i d areas where spec ia l s o i l c h a r a c t e r i s t i c s
make i t capable of r e t a i n i n g the excess water necessary f o r the growth
of r i c e . S i m i l a r l y , you may f i n d r i c e in the semi -a r id areas. What
is impor tant is the length of the growing season. I th ink we should
use t ha t c r i t e r i o n t o d e l i m i t the semi -a r id t r o p i c s .
The areas Dr. Sarker mentioned are on the boundaries of the de l inea ted
area. Where you draw the boundary exac t l y is a quest ion open f o r d i s -
cuss ion . But what is probably more important is to look at the general
d e l i n e a t i o n o f the areas.
In T r o l l ' s c l a s s i f i c a t i o n growing season is def ined in terms of P/PE.
If one uses PE/2 ins tead of PE many problems could be overcome.
Hargreaves has shown t ha t h is MAI of 0.34 is equal to 0.5 of mean
P/PE.
Based on my experience I fee l t ha t the Penman formula when app l ied in
the semi -a r i d t r o p i c s gives g ross ly i n c o r r e c t f i g u r e s . There fo re , i n
your capac i ty as consu l tant w i t h the FAO, I would l i k e your comments
on the use of Penman's formula in the c l a s s i f i c a t i o n of Semi-Ar id
T rop ics .
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I f we consider the a g r i c u l t u r a l i m p l i c a t i o n s of the use of the
Penman formula we w i l l use i t f o r per iods when a g r i c u l t u r e is
poss ib le . This means t h a t f o r t h a t per iod the r a i n f a l l w i l l be
genera l l y adequate enough to a l low a g r i c u l t u r e . There fo re ,
r e l a t i v e humid i ty w i l l be h igher than dur ing the dry season and
you come back to the s i t u a t i o n of humid t r o p i c s f o r t ha t p e r i o d .
However, i f you use the formula f o r the dry-season months, where
i t is recognized t h a t the aerodynamic term of the Penman equat ion
is underweighted, p o t e n t i a l evapo t ransp i ra t i on i s g ross l y under-
es t imated. The re fo re , in our agroeco log ica l zones p r o j e c t we
have been led to in t roduce a m o d i f i c a t i o n based on the range
between maximum and minimum temperature to c o r r e c t t h i s under-
es t ima t i on f o r ag roc l ima te . But I wish to repeat t ha t t h i s under-
es t ima t ion is much less ser ious f o r the c u l t i v a t i o n pe r iod dur ing
the r a i n y season.
I would l i k e to congra tu la te Dr. Virmani f o r b r i n g i n g in the two
approaches, namely, the r i s k f a c t o r , to be e s s e n t i a l l y used f o r
demarcat ion, and the water-balance approach to answer s p e c i f i c .
agronomic ques t i ons . I t h i n k the most impor tant pa r t of Dr.
V i rman i ' s paper has not rece ived much comment. I would l i k e to
add one or two p o i n t s . In the ra iny season p o t e n t i a l evapo-
t r a n s p i r a t i o n hard ly va r ies 4 to 5 mm per day. Therefore periods
of dependable p r e c i p i t a t i o n , de f ined as the one which at 50%
p r o b a b i l i t y has at l e a s t 2 cm of r a i n per week, very c l e a r l y
br ings out a l l the demarcat ions. In the water balance approach
i t has been s ta ted t h a t at Sholapur i f you take a k h a r i f crop
the rab i crop is a f f e c t e d to only 20%. I f i n d t h a t double crop
is poss ib le in only 20% of the years at Sholapur on deep s o i l s .
So if you take a k h a r i f crop there is an 80% chance of l o s i n g the
rabi c rop . This needs to be looked i n t o and c o r r e c t e d .
In the map the Kaveri basin where we have 3 to 4 r i c e crops per
year i s a lso c lassed s e m i - a r i d .
In the Kaveri bas in r i c e crops are ra i sed under con junc t i ve use
o f var ious i r r i g a t i o n resources. But c l i m a t i c a l l y i t i s s e m i - a r i d .
This app l ies to o the r D e l t a i c a reas , Punjab, Ra jas than, e t c .
The bas ic quest ion i s , what do we understand by semi -ar id? As I 
understand, i t is an area where there is a r i s k to crop growing
and r a i n f a l l water would be a v a i l a b l e f o r 60 to 135 days. The
q u a n t i t y is not impor tant because the s o i l has a l i m i t e d capaci ty
and not more than 20 cm of a v a i l a b l e water can be he ld even in
deep V e r t i s o l s . There is a l i t t l e confus ion here on d ry - fa rm ing
areas and sem i -a r i d t r o p i c a l a reas. The d e f i n i t i o n of the dry
farming is e n t i r e l y d i f f e r e n t . When we are look ing at the semi-
a r i d t r o p i c s we are not l ook ing at i r r i g a t i o n p o t e n t i a l . Again
one can ask how you de f i ne d ry - fa rm ing areas. A f t e r a l l t he re
are areas in Madhya Pradesh a lso t h a t are d ry - fa rmed. One could
ask how you de f ine dry f a rm ing .
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The quest ion of concern is the d e f i n i t i o n of r a i n f e d r i c e . I know
there are many d i f f i c u l t i e s . But it has to be d e f i n e d . Do you
consider the tank system as an i r r i g a t e d system?
One has to d i f f e r e n t i a t e between two tank systems; in the f i r s t , water
from everywhere comes i n t o the tank and is then a p p l i e d ; in the second,
you c o l l e c t the r a i n water t ha t f a l l s on your land and guide i t to a 
tank . But you w i l l not get the water from your ne ighbor 's l and . The
l a t t e r s i t u a t i o n i s t r ea ted as u n i r r i g a t e d .
There is one qu i te important v a r i a b l e , t ha t is topography, tha t
a f f e c t s the s t a b i l i t y f o r c ropp ing . On a small sca le i t is impor tant
because i t a f f ec t s the i n d i v i d u a l fa rmer , depending on the p o s i t i o n
of h is hold ings on a s l ope .
To de l i nea te the semi -a r id t r o p i c s , we should consider what type of
crop is expected to be grown.
Regarding Dr. Sarker 's reac t i on t h a t too la rge an area is covered by
the SAT, I would l i k e to take an opposi te view from a dynamical view-
p o i n t . T r o l l is t r y i n g to d i s t i n g u i s h classes by how long the ra iny
season i s , i r r e s p e c t i v e of how much r a i n f a l l s in t ha t season. The
e n t i r e Ind ian con t inen t gets the r a i n f a l l f rom the monsoon system and
i t i s not s u r p r i s i n g tha t i n a broad c l a s s i f i c a t i o n you f i n d t h a t
the whole of the country l i e s in the same system. Dynamically t h i s
is what we would expect . The second po in t is whether one should use
p o t e n t i a l evapo t ransp i ra t i on i n T r o l l ' s c l a s s i f i c a t i o n . Given a l l the
unce r t a i n t i es and g iven t ha t we have a l o t of parameter iza t ion t h a t
has gone in i n t o the system, I would l i k e to submit t ha t perhaps i t
is not wise to use f ac to r s of 2 or 4.
What method had T r o l l used f o r h is PE est imate?
I learn t h a t temperature was used as a proxy f o r PE and t h a t is why I 
thought he has gone wrong.
When you use AE = PE you get a l l the humid areas also coming i n t o
semi -a r id zones. Why not consider PE/2.
We are mix ing crop issues w i t h environmental c l imate water-balance
issues . If we use say PE/2 I t h i nk large a r i d areas w i l l a lso come
i n t o the semi -a r id t r o p i c s .
As I understand i t , t h i s symposium is about c l a s s i f i c a t i o n of a macro-
c l i m a t e . At some stage in t h i s symposium people have in t roduced i n t o
t h i s c l a s s i f i c a t i o n edaphic f a c t o r s . We have gone f u r t h e r and made
the t h i n g even more compl icated and confus ing by i n t roduc ing p lan t
types and d i f f e r e n t v e g e t a t i o n . Perhaps the Chairman or Dr. Virmani
may c l a r i f y t h a t p o i n t .
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Previous s o i l c l a s s i f i c a t i o n s were most ly based on the land-use capa-
b i l i t y . But recent c l a s s i f i c a t i o n s use s o i l c h a r a c t e r i s t i c s per se . So
i f we c l a s s i f y the c l imate and superpose the s o i l and p lan t characters
per se it would be an advancement.
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CLIMATIC CLASSIFICATION, AGROCLIMATIC RESOURCE ASSESSMENT,
AND POSSIBILITIES FOR APPLICATION IN THE SEMI-ARID TROPICS
G . D . V . W i l l i a m s
I c a r r i e d out a c l i m a t i c resource ana lys is f o r wheat. Our
problem is to ad jus t the t im ing of heading of wheat so tha t i t
doesn ' t get i n t o too high a temperature. I agree w i t h Mr. G.
D.V. Wi l l iams on the need f o r t e s t i n g of the a g r o c l i m a t i c
resource index. He has suggested tha t we should use the
d i s t r i c t l eve l o r la rge area y i e l d s f o r t h i s v e r i f i c a t i o n . Our
experience w i th la rge-area y i e l d s i s , to say the l e a s t , ve ry
d iscourag ing . Again i f you use recent data there is a c lea r
d i s c o n t i n u i t y a f t e r the green r e v o l u t i o n . Now at many of the
agromet s t a t i o n s we have the meteoro log ica l records and we
have the crop data f o r the l a s t 10 yea rs . My quest ion is
whether--and how--we can v e r i f y the ag roc l ima t i c resource
index w i t h the un i form crop data tha t is ava i l ab le f o r the
most recent decade on l y .
I avoid using exper imental s t a t i o n data because I have always
f e l t tha t they are not a r e a l l y good r e f l e c t i o n of what could
be a t t a i n e d in p r a c t i c e . I f you use experimental da ta , how-
ever , you could probably come up w i th something s a t i s f a c t o r y
t h a t you might want to check w i th ex terna l da ta . As we are
look ing not so much at real product ion but are making a 
r e l a t i v e comparison of l o c a t i o n s , t h i s may be a good way. I 
would recommend the use of both d i s t r i c t - l e v e l and s t a t i o n
data f o r the check ing.
I would l i k e to r e f e r to W i l l i ams ' paper, Figure 2; the semi-
a r i d t r o p i c s . I t h ink you have modi f ied i t from Wa l te rs , who
does not c a l l these curves e i t h e r semi -a r id or t r o p i c a l . He
c a l l s the regions semi-evergreen and deciduous f o r e s t s , dry
woodland, na tu ra l savannah, e t c .
Yes.
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AGROCLIMATIC CLASSIFICATION METHODS AND THEIR APPLICATION TO INDIA
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In many areas where the normal growing season is shown to s t a r t
on June 1, premonsoon r a i n f a l l is very l i t t l e and the growing
season genera l l y s t a r t s w i th monsoon r a i n . Can you please
expla in?
The t ime when the monthly r a i n f a l l curve passes the PE/2 curve
was taken as the commencement. Though the premonsoon a c t i v i t y
is l e s s , on an average r a i n f a l l exceeds PE/2.
I presume you have taken the monthly average r a i n f a l l as a v a i l a b l e
at the middle of the month.
Yes.
In Table 2 one f i nds t ha t many of the l oca t i ons have more than
7 months and some have 365 days of crop-growing season under r a i n -
fed fa rm ing . This of course does not agree w i th ground t r u t h .
Secondly, in the t ab le r e l a t i n g to growing seasons in d i f f e r e n t
s o i l s , we f i n d t ha t j u s t by changing the s o i l the du ra t i on of the
crop is increased by 60 to 90 days and the increase is more in
black s o i l s than a l l u v i a l s o i l s . Now f o r some poss ib le reasons
f o r these , f o r determin ing length of ra iny season by the graph ica l
method, it doesn ' t matter whether we use PE/2 or PE. Now we can
show t h a t unless the weekly r a i n f a l l exceeds PE, the crop season
cannot s t a r t . S i m i l a r l y at the end of the season when weekly
r a i n f a l l goes down below PE, the crop season must end in about a 
month's t ime a t most. However, i f PE/2 is app l ied f o r r a i n f a l l -
cum-moisture s to rage , the growing per iod w i l l be exaggerated.
Aga in , I am a f r a i d t ha t the mo is tu re -ho ld ing capac i ty has been
used in water-ba lance computat ions. But we have to take only the
c rop -ava i l ab l e moisture ( i . e . the mois ture a v a i l a b l e between the
f i e l d capac i ty and w i l t i n g po in t ) a t the p a r t i c u l a r evapora t ive
demand. We have got l y s i m e t r i c observat ions to show t h a t it can
vary from about 10 cm to about 13 cm f o r most k h a r i f crops and
s o i l s . So by changing the s o i l types one can increase the crop
l i f e du ra t i on a l i t t l e , but not to the ex ten t o f 60 to 90 days.
This br ings us back to Dr. V i rman i ' s q u e s t i o n , i . e . how f a r are
our c l i m a t i c analyses j u s t i f i e d ? Obviously when we change the
per iod or the p r o b a b i l i t y , the c r i t e r i a must change.
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In our new work we i n v a r i a b l y take the f i r s t adequate r a i n f a l l week
and we a lso now take i n t o account the actua l a v a i l a b l e s o i l moisture
capac i t y . At some of the places l i s t e d , they grow a k h a r i f and also
a rabi crop and to t ha t extent the ground t r u t h has been v e r i f i e d
by me. I am r e a l l y g r a t e f u l to Mr. Venkataraman f o r h is po in t about
f i n d i n g the ground t r u t h . For t h i s we need c o l l a b o r a t i o n between
s o i l phys i c i s t s and ag roc l ima to l og i s t s a t ICRISAT, a g r i c u l t u r a l
u n i v e r s i t i e s , and ICAR.
I t h ink i t is as impor tant to take i n t o account what happens under
the s o i l as above i t .
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Ind ia is blessed in the abundance of weekly data f o r many s t a t i o n s
and years compared w i t h the cond i t i ons in o ther parts of the
w o r l d , in p a r t i c u l a r the Sahel area and South America.
Hargreaves has used not only an MAI of 0.34 but has given moisture
adequacy l i m i t s according to d i f f e r e n t values of MAI.
Although d i f f e r e n t c r i t e r i a have been l a i d down by Hargreaves, f o r
the d e l i n e a t i o n of the t r o p i c s he has gone only by the value of
0 .34.
In the d e f i n i t i o n of c lasses , I no t i ce t h a t the i n t e r v a l s by which
you have def ined them are vary ing from class to c lass . May I know
what led you to the s p e c i f i c choice f o r the class i n t e r v a l s ?
The c r i t e r i a are to some ex ten t sub jec t i ve and a r b i t r a r y . We have
drawn them up from the po in t of view of l i f e periods of s h o r t - ,
medium-, and l ong -du ra t i on c rops .
Would you say your c l a s s i f i c a t i o n t r i e s to de l i nea te regions of
vary ing s t a b i l i t y w i t h respect t o given r a i n f a l l regions ra the r
than r a i n f a l l regions themselves? The reason I ask t h i s is t h a t
the c lass G, which is the most favorab le one from the po in t of
view o f crop p roduc t i on , has s t a t i o n s o f d iverse r a i n f a l l p r o f i l e s .
In the ana lys is we have gone by the minimum assured r a i n f a l l
est imated by incomplete gamma d i s t r i b u t i o n based on 70 or 80 years
of da ta . As regards a number of s t a t i o n s coming under one ca te -
go ry , we are t r y i n g to get f u r t h e r re f inement .
Did Dr. Sarker and Mr. Biswas compare the monthly and the weekly
data and f i n d any d i f f e rence? Why not take the mean value ins tead
of 50% p r o b a b i l i t y ? The other po in t is t h a t there should be some
ground t r u t h at tached to t h i s k ind o f c l a s s i f i c a t i o n before one
says which is the best l eve l o f p r o b a b i l i t y .
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The statement t h a t weekly r a i n f a l l equal to 20 or 30% of poten-
t i a l evapo t ransp i ra t i on i s s u f f i c i e n t f o r seed l ing growth i s not
c o r r e c t . Although the moisture need f o r or the moisture con-
sumption by t r a n s p i r a t i o n of the crop is on ly 20% in the ea r l y
s tages , to get the moisture down to the seed l eve l the r a i n f a l l
requirements are h i g h , on account of the evaporat ion b a r r i e r .
On a weekly basis it has to equal the p o t e n t i a l evapo t ransp i ra t i on
demand. A c t u a l l y the r a i n f a l l requirement of the crop does not
vary if you consider the week as an independent u n i t . At the
50% p r o b a b i l i t y l eve l MAI should throughout be 0 .7 . So when one
combines MAIs of 0.7 and 0.3 there is a l o t of unreal bunching
of s t a t i o n s regard ing growing season d u r a t i o n .
There is good resemblance between Figure 1 given by Dr. Krishnan
and Figure 1 by Dr. Sarker , though the methods are d i f f e r e n t .
How do we de f ine d ry - fa rm ing t r a c t ?
We def ine the d ry - fa rm ing t r a c t as the reg ion where the mean
r a i n f a l l is to 1000 mm per annum and where i r r i g a t i o n f a c i l i t y
is poor and evaporat ion is h i g h .
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REPORT ON CLIMATIC CLASSIFICATION-CURRENT CONCEPTS AND APPROACHES
G.D.V. Williams summarized the discussion on this session as follows:
There is a great d i v e r s i t y o f crops in semi -a r id t r o p i c s and i t w i l l be
a long t ime before the c l i m a t i c resources of the SAT can be assessed and mapped
f o r each c rop . In the meantime, there is a need f o r c l i m a t i c i n fo rmat ion of
use to a g r i c u l t u r e in genera l . The session considered var ious approaches to
general-purpose c l i m a t i c c l a s s i f i c a t i o n t h a t may be he lp fu l in making a f i r s t
approximat ion of the ag roc l ima t i c resources of the SAT.
Three papers were presented in t h i s sess ion . In the f i r s t , Grove
discussed what he c a l l e d " d i v i s i v e " systems, such as those of Koppen and
Thorn thwa i te , and then r e f e r r e d to "agglomerat ive" approaches such as those
using p r i n c i p a l component analys is and pa t te rn a n a l y s i s . He quest ioned the
usefulness o f t r y i n g to f u r t h e r r e f i n e c l i m a t i c c l a s s i f i c a t i o n s w i thou t some
s p e c i f i c end in mind. He drew a t t e n t i o n to var ious problems of c l i m a t i c c l a s -
s i f i c a t i o n , i nc lud ing the dep i c t i on o f yea r - t o - yea r v a r i a b i l i t y and o f the
sequence of c l i m a t i c events w i t h i n the y e a r , and the lack of spa t i a l represen-
t a t i v e n e s s ; he also s t ressed the need to present r e s u l t s in ways t ha t are both
in fo rmat i ve and v i s u a l l y a t t r a c t i v e .
In the second paper Meher-Homji discussed c l i m a t i c c r i t e r i a f o r spec i f y i ng
a r i d i t y and s e m i - a r i d i t y and the s t a b i l i t y of c l i m a t e . He then dea l t w i t h a 
phytogeographic approach to c l a s s i f y i n g c l i m a t e , no t i ng t ha t p lant cover r e f l e c t s
environmental c o n d i t i o n s , i nc lud ing the v a r i a b i l i t y o f c l ima te . F l o r i s t i c ,
morpho-eco log ica l , agronomic, and vege ta t iona l c r i t e r i a were d iscussed, but the
use of p lant phenology data in c l i m a t i c c l a s s i f i c a t i o n and mapping was not
mentioned. The a r i d i t y and vege ta t iona l c r i t e r i a were i l l u s t r a t e d by maps
r e l a t i n g to I n d i a . I t was also pointed out tha t where human a c t i v i t y g r e a t l y
modi f ies the na tu ra l vege ta t i on , i t has adverse e f f e c t s on the c l i m a t e .
In the f i n a l paper, Gadgil and Joshi demonstrated the use of p r i n c i p a l
component ana lys is and c l u s t e r i n g in c l a s s i f y i n g I n d i a ' s c l ima tes . They c la im
tha t the choice of c r i t e r i a used f o r such a c l a s s i f i c a t i o n is not s u b j e c t i v e . In
t h i s f i r s t study on ly mean p r e c i p i t a t i o n data of 73 pentads have been used. The
r e s u l t s of t h e i r mapping appear reasonable. The method provides a too l f o r
economic rep resen ta t ion o f the observed v a r i a t i o n in r a i n f a l l and f a c i l i t a t e s
s o r t i n g s t a t i o n s i n t o groups such t ha t v a r i a t i o n s are minimized w i t h i n groups
and maximized between groups.
A major problem tha t would have been appropr ia te f o r f u l l d iscuss ion in
t h i s session but was only touched upon very b r i e f l y is t h a t many c l i m a t i c c l a s -
s i f i c a t i o n systems are based l a r g e l y on var ious computations performed w i t h data
from c l i m a t o l o g i c a l s t a t i o n s . For a g r i c u l t u r a l a p p l i c a t i o n s i t must be kept in
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mind t h a t the data should be drawn from the agrometeoro log ica l s t a t i o n s . Some
form of s p a t i a l c l i m a t i c modeling seems to be needed, because probably in many
par ts o f the semi -a r id t r o p i c s , r e s u l t s from ana lyz ing only data from e x i s t i n g
s t a t i o n s are l i k e l y to be qu i t e biased due to inadequate rep resen ta t i on by the
s t a t i o n s . The phytogeographic approach is an ou ts tand ing example of a method
tha t does not s u f f e r from t h i s drawback, al though i t has i t s own l i m i t a t i o n s ,
p a r t i c u l a r l y when the natura l vegeta t ion is much d i s tu rbed by man.
R E C O M M E N D A T I O N S 
1. ICRISAT should i n v e s t i g a t e var ious s p a t i a l c l i m a t i c modeling procedures f o r
best determin ing c l i m a t i c pa t te rns in areas o f inadequate s t a t i o n represen-
t a t i o n . The procedures could i n c l u d e , f o r example, the use of topographic
and vege ta t ion i n f o r m a t i o n . Ways of best app ly ing the r e s u l t s in c l a s s i f y i n g
c l imates to a s s i s t a g r i c u l t u r a l development in the SAT should be i n v e s t i g a t e d .
?.. ICRISAT should be invo lved in s tudy ing the f e a s i b i l i t y of using phyto-
geographic procedures to help c l a s s i f y c l imates f o r i t s farming systems
a p p l i c a t i o n s .
3. P r i n c i p a l component ana lys is (PCA) and r e l a t e d and assoc ia ted methods of
c l a s s i f y i n g c l imate should be s tud ied to determine t h e i r re levance f o r
a g r i c u l t u r a l a p p l i c a t i o n in the SAT.
4. An i n t e g r a t e d use of the best a v a i l a b l e methods or submodels should be
aimed at some methods invo lved summing monthly ind ices to ob ta in an annual
one, but perhaps PCA might be a more appropr ia te way of ob ta i n i ng the
ove ra l l index. As a f i r s t s tep towards an i n t eg ra ted approach, d e t a i l e d
comparisons could be made of the var ious c l i m a t i c maps of Ind ia in the
repor t of the A p r i l 1980 Consu l tan ts ' Meeting on C l ima t i c C l a s s i f i c a t i o n .
5. In c l i m a t i c c l a s s i f i c a t i o n s t u d i e s , we should keep in mind such f a c t o r s
as c l i m a t i c s t a b i l i t y , c l i m a t i c sequence from one pa r t o f the year to
another , e f f e c t s of human a c t i v i t i e s , and the best graphic means of
present ing the r e s u l t s to f a c i l i t a t e t h e i r a p p l i c a t i o n to SAT problems.
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Four papers were presented in t h i s sess ion . This session is unique in
t h a t i t has dea l t w i t h a l l the th ree aspects o f c l a s s i f i c a t i o n , namely
(1) c l i m a t i c c l a s s i f i c a t i o n , to de f ine what the semi -a r i d t r o p i c s are (2) agro-
c l i m a t i c c l a s s i f i c a t i o n to subdiv ide the SAT i n t o agronomical ly re leven t
homogeneous zones, and (3) b i o a g r o c l i m a t i c c l a s s i f i c a t i o n or ag roc l ima t i c
resource mapping, to understand c l i m a t i c s u i t a b i l i t y in areal ex tent o f an
i n d i v i d u a l crop. Virmani and Krishnan discussed several c l a s s i f i c a t i o n ap-
proaches t ha t are used to c l i m a t i c a l l y de l i nea te the SAT. V i rman i , Kr ishnan,
and Sarker discussed some of the ways to subdiv ide the SAT in agronomical ly
re levan t homogeneous zones. Wi l l iams suggested a method of ag roc l ima t i c
resource indexing f o r i d e n t i f y i n g the regions tha t are best su i t ed to a crop.
Virmani expressed the view t h a t T r o l l ' s approach may cont inue to be used
by ICRISAT to de f ine the boundaries of the semi -a r id zone. He a lso suggested
t h a t mean annual temperature of 18°C as suggested by Kb'ppen (1931) can be taken
as the l i m i t f o r d e f i n i n g t r o p i c s . With regard to ag roc l ima t i c ana lys is f o r
crop p lann ing , Virmani a lso suggested two methodologies, namely, r a i n f a l l
p r o b a b i l i t y ana lys is and water-balance approaches f o r d e f i n i n g moisture e n v i -
ronment dur ing the growing season.
Wi l l iams expressed the view t h a t in the SAT moisture is the most impor-
t an t parameter t h a t needs a t t e n t i o n and d e t a i l e d a n a l y s i s , as the thermal
aspect has been taken i n t o account by l i m i t i n g the zone of i n t e r e s t to the
t r o p i c s . He also emphasized the n o n a p p l i c a b i l i t y of general c l a s s i f i c a t i o n
systems to d i f f e r e n t k inds of p l a n t s . He suggested three categor ies of themat ic
mapping, i . e . , c l i m a t i c , a g r o c l i m a t i c , and ag roc l ima t i c resource mapping. He
proposed an ag roc l ima t i c resource index (ACRI) and discussed i t s use in the SAT.
He o u t l i n e d the need to i n t e g r a t e the ag roc l ima t i c resource ana lys is w i t h the
eco log ica l land c l a s s i f i c a t i o n and to v e r i f y the r e s u l t s o f the ana lys is w i t h
reg ional crop y i e l d s .
In the f i r s t par t o f h is paper, Krishnan discussed the c l i m a t i c c l a s s i f i -
ca t i on systems of Koppen, de Martonne, Gaussen, Emberger, Thorn thwa i te , and
Thornthwai te and Mather and t h e i r relevance to the semi -a r id t r o p i c s . In the
second par t he discussed the ag roc l ima t i c c l a s s i f i c a t i o n systems of T r o l l ,
Hargreaves, Cocheme and Franquin and t h e i r a p p l i c a b i l i t y to reg iona l crop p lan -
n ing . He emphasized the importance of using r e a l i s t i c water budget ing tech -
niques using s h o r t - p e r i o d data f o r improvement of cropping pat terns in the SAT.
Sarker and Biswas recommended the m o d i f i c a t i o n of Hargreaves' approach
as a t oo l f o r ag roc l ima t i c zon ing . They considered sho r t - t e rm (weekly) r a t he r
than monthly r a i n f a l l and suggested 50% p r o b a b i l i t y l eve l as the l eve l of
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d e p e n d a b i l i t y . For c l a s s i f i c a t i o n of d ry land a reas , they had used a sub jec t i ve
combinat ion of periods over which dependable ra ins equaled 33% and 70% of
p o t e n t i a l e v a p o t r a n s p i r a t i o n . They f u r t h e r d i v i ded these classes accord ing to
d a i l y average temperature and the water s t ress p e r i o d .
On the basis of the considerable d iscuss ion on the f o u r papers presented
in t h i s sess ion , i t would appear t h a t c l i m a t i c c l a s s i f i c a t i o n s need to be
c a r r i e d out along three d i f f e r e n t l i n e s , depending on the o b j e c t i v e s :
CLASSIFICATION FOR DIFFERENTIATING BROAD TYPES OF CLIMATE
These c l a s s i f i c a t i o n s w i l l gene ra l l y make use of mean y e a r l y (monthly) data
and w i l l at the most d i f f e r e n t i a t e between broad c l i m a t i c t ypes . As regards
the semi -a r id t r o p i c s , the general i n t e r e s t i s to (a) de l i nea te t r o p i c a l areas
on the basis o f l i m i t a t i o n s to the r a i s i n g of t r a d i t i o n a l t r o p i c a l crops on
account of unfavorable temperatures dur ing the yea r , such as mean annual
temperature < 18°C and (b) d i f f e r e n t i a t e the sem i -a r i d areas from the a r i d
areas on the one hand and humid areas on the o t h e r , on the basis of du ra t i on
of e f f e c t i v e consecut ive ra iny months ranging from 2 to 4 . 5 .
CLASSIFICATIONS FOR EVALUATING POTENTIAL FOR AGRICULTURE
This type of c l a s s i f i c a t i o n w i l l be i n t e r d i s c i p l i n a r y in essence, because the
a g r i c u l t u r a l assessment w i l l have to take i n t o account not only the c l i m a t i c
p o t e n t i a l but a lso the requirements o f p a r t i c u l a r crops in terms of a e r i a l
( temperature , r a d i a t i o n , h u m i d i t y , e t c ) , edaphic ( s o i l mo is tu re and a e r a t i o n ) ,
pedologic ( s o i l dep th , s a l i n i t y , e t c ) , techno log ica l ( f e r t i l i z e r , p e s t i c i d e s ) ,
and other f a c t o r s . This eva lua t i on o f the c l i m a t i c p o t e n t i a l w i l l gene ra l l y be
based on monthly average of c l i m a t i c f ac to r s and w i l l c a l l upon der ived para-
meters such as heat u n i t s , photothermal u n i t s , sunshine hours , c a l c u l a t e d
p o t e n t i a l e v a p o t r a n s p i r a t i o n , leng th of ra iny season, crop-growth days, and
dry matter or biomass product ion (accord ing to d i f f e r e n t pho tosyn the t i c ass im i -
l a t i o n pathways of c rops ) .
CLASSIFICATIONS FOR TRANSFER OF TECHNOLOGY
For t h i s type of c l a s s i f i c a t i o n , one needs to understand the c l i m a t i c l i m i t a t i o n s
o f d i f f e r e n t regions t h a t w i l l help i n m o d i f i c a t i o n and t r a n s f e r o f technology
of land and water management or cropping systems p r a c t i c e s . There fo re , i t is
essen t ia l to de f ine a t t r i b u t e s t h a t r e l a t e to these problems ra the r than to
l i m i t onesel f to a p a r t i c u l a r method or a t t r i b u t e .
For t h i s , in place of average values of c l i m a t i c parameters, one needs
to use cond i t i ona l c r i t e r i a f o r a g r i c u l t u r a l p lann ing purposes and/or a l l ow an
est imate o f the v a r i a b i l i t y in a g r i c u l t u r a l p roduct ion in an area f o r which the
ove ra l l p roduct ion p o t e n t i a l has been eva lua ted , as in the second type of c l a s -
s i f i c a t i o n . I t appears t h a t the on ly way to ob ta in a f a i r p i c t u r e o f t h i s p ro -
duc t ion v a r i a b i l i t y i s t o c a l c u l a t e — u s i n g s h o r t - p e r i o d (5-10 days) s h o r t - s e r i e s
(15-20 years) r a i n f a l l da ta—the water balance of the crops t h a t w i l l be grown
in a given p lace . From t h i s cumulat ive water ba lance , an index showing the
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degree of s a t i s f a c t i o n of the crop water needs may be c a l c u l a t e d . A grouping
of the index values w i l l prov ide a frequency ana lys is of the number of years
out of 15 or 20 where the harvest may be expected to be good, s a t i s f a c t o r y , or
bad. The a v a i l a b i l i t y of c r o p - y i e l d data over the same per iod could then
help to v e r i f y , q u a n t i f y , and extend in t ime and space t h i s frequency a n a l y s i s .
The meeting has also pointed out tha t in areas where the network f o r
c l i m a t o l o g i c a l observat ions is scarce , o ther methods, such as the ana lys is and
mapping of vegeta t ion cover , the remote sensing imagery v e r i f i e d by ground
t r u t h , e t c . , could be used f o r the purpose o f c l i m a t i c c l a s s i f i c a t i o n f o r
a g r i c u l t u r e .
RECOMMENDATIONS
1. The agrometeorological work c a r r i e d out by ICRISAT is g lobal in na ture .
Therefore the q u a n t i f i c a t i o n of the c l imate in terms of resources is
necessary f o r the development and t r a n s f e r of improved technology. I t
should take i n t o account the a g r i c u l t u r a l requirement using c l i m a t i c
f ac to r s and der ived values of relevance to a g r i c u l t u r e .
2. The nature of the resources to be considered as we l l as the c r i t e r i a
adopted should be based upon f i e l d agronomic research , empi r i ca l
ev idence, and the use of methods of ana lys is proven in o ther dry
t r o p i c a l environments.
3. Work on crop modeling in r e l a t i o n to weather and c l imate and micro-
c l i m a t o i o g i c a l research should be emphasized. In p a r t i c u l a r , a network
of exper imental benchmark s i t e s should be developed across the semi-
a r i d t r o p i c s f o r the purpose o f c o l l e c t i n g s imul taneously agrometeorolo-
g i c a l and re leven t crop da ta .
4. The d e l i n e a t i o n of the t r o p i c s according to Koppen, i . e . , 18°C mean
annual temperature, seems s u i t a b l e f o r adopt ion by ICRISAT.
5. Methods and scales of study must be d i f f e r e n t according to the ob jec t i ves
of the s tud ies undertaken. This po in t must be c l e a r l y envisaged from
the beg inn ing .
6. In developing i t s ag roc l ima to log i ca l a c t i v i t i e s ICRISAT should take
advantage of the experience of FAO and WMO and develop p ro jec ts in
c lose cooperat ion w i t h these agencies.
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GENERAL DISCUSSION
I am impressed w i t h your d iscuss ions and am sure you have reached some
conclusions as to what and where the semi -a r id t r o p i c s a re . ICRISAT's
i n t e r e s t in the d e l i n e a t i o n o f the SAT c h i e f l y r e l a t es to the t r a n s f e r
of techno logy. Because ICRISAT is loca ted in Hyderabad we are working
on the s o i l s t h a t e x i s t he re , under the c l ima te t h a t e x i s t s here . But
we a lso have the r e s p o n s i b i l i t y f o r the 49 coun t r ies of the semi -a r id
t r o p i c s t h a t inc lude a whole range of phys ica l environments and w ide ly
va ry ing p o l i t i c a l and socioeconomic backgrounds. We have a geographi -
cal mandate and a crop mandate. How under these c o n d i t i o n s , do we
t r a n s f e r technology?
An i n t e r n a t i o n a l i n s t i t u t e cannot a f f o r d to have many s t a t i o n s
even in one coun t ry ; even in Ind ia the r e s u l t s t h a t we ob ta in at
Hyderabad may not be a p p l i c a b l e to a l l s i t u a t i o n s . What should be our
approach? V i rman i ' s p resen ta t i on of the two very good examples of
Sholapur and Hyderabad shows t h a t gross ana lys i s of the c l ima te cannot
g ive us rea l conf idence f o r t r a n s f e r r i n g a technology in cropping
system and resource management. Accept ing T r o l l ' s c l a s s i f i c a t i o n
system, we de l i nea ted the semi -a r i d regions and the semi -a r i d area was
he ld to be only 25% of the coun t r y . But w i t h d e t a i l e d ana lys is the
percentage of dry sem i -a r i d t r a c t s becomes 64%, and i f we inc lude the
wet sem i -a r i d t r o p i c s , it becomes 80%. We now operate a number of
s t a t i o n s in West A f r i c a , a few in East A f r i c a , and one in La t i n America;
they cover impor tant areas f o r sorghum and m i l l e t s and other crops we
are i n t e r e s t e d i n . But could we, from cons idera t ions o f c l i m a t e s ,
s o i l s , and weather , choose some 10 a d d i t i o n a l centers t h a t cou ld serve
a l l these cond i t ions of 49 count r ies? Where are the boundaries of the
SAT? What is the minimum number of centers we should have, and where
should they be? We seek answers to these and r e l a t e d quest ions from
t h i s learned group so t h a t we may b e t t e r f u l f i l l our mandate.
This morning we saw maps drawn as per d i f f e r e n t c l a s s i f i c a t i o n systems.
We at ICRISAT are i n t e r e s t e d in knowing how to d e l i m i t the sem i -a r i d
t r o p i c s . Many f e e l s t r o n g l y t h a t the moment we go beyond 1000 or 1100
mm of mean annual r a i n f a l l in Ind ia the reg ion is no longer s e m i - a r i d .
I would l i k e some d iscuss ion on t h i s issue in terms of ICRISAT's mandate.
What are the lower and upper l i m i t s t h a t we should be look ing at?
Regarding the thermic regime, there is not much controversy about the
use of the mean annual value of 18°C. Regarding the hyg r i c regimes the
cont roversy can be s e t t l e d i f the re is some feedback i n f o r m a t i o n .
F i r s t we must de f ine what the semi -a r id t r o p i c s a r e ; only then can we
decide where they a re . There is some discrepancy between T r o l l ' s map
and the map produced by ICRISAT, based on data of 300 s t a t i o n s . So the
d e f i n i t i o n should c l e a r l y b r i n g out the l i m i t s and should be p r a c t i c a l l y
independent of the network of s t a t i o n s t h a t we use in our computa t ion .
We f i n d t h a t i f we modify T r o l l ' s c l a s s i f i c a t i o n using var ious ranges
of mois ture a v a i l a b i l i t y i n d i c e s , we get a b e t t e r agreement between the
vege ta t i on type and the c l a s s i f i c a t i o n .
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Kanwar:
V i rman i :
Sarker :
I want to focus the a t t e n t i o n of the group on two p o i n t s . F i r s t ,
whether the method can d i f f e r e n t i a t e the a r i d zones from the semi-
a r i d zones. Second, how f a r the SAT extend i n t o the h igher r a i n -
f a l l reg ions . Please r e f e r to the Table on page 40. We took the
f i v e loca t ions t h a t p r i m a r i l y f a l l in the a r i d zone as per the
rev ised map and we worked out the frequency of a r i d i t y . We found
t h a t 62% of the years showed less than 2 humid months. In the
second se t of s t a t i o n s in the semi -a r id c lass only 11% of the
years showed a r i d i t y . I f you look at two or more than two loca -
t i o n s , i t is about 90% of the years in the sem i -a r i d c lass and
only about 40% of the years in the a r i d c l a s s . The po in t I want
to make is t h a t the cen t ra l tendency is very c l e a r l y e x h i b i t e d
by these zona t i ons , namely, a r i d and s e m i - a r i d . I f t h i s is
accepted, then probably we can go to the h igher pa r t l a t e r in
ICRISAT's program. I would l i k e to have the comments of the
group on t h i s .
This quest ion of d i f f e r e n t i a t i n g a r i d and sem i -a r i d zones also
came up in the FAO when we s t a r t e d our work on agroeco log ica l
zones. F i n a l l y we came to de f ine an area as sem i -a r i d t h a t
can a l l ow one to grow a m i l l e t crop of 90 days d u r a t i o n . This
is the bare minimum. In terms of t h i s we l i m i t ourselves to a 
75-day growing season f o r an a r i d zone.
I have used the 50% p r o b a b i l i t y weekly values pub l ished by the
IMD ( I n d i a Meteoro log ica l Department) and t a k i n g 2 cm of r a i n
at t h i s l eve l as s u f f i c i e n t to produce s o i l mois ture recharge.
I f i n d t h a t s e m i - a r i d i t y begins around 8 weeks' du ra t i on and we
get i n t o the upland r i c e area when the per iod extends to about
15 weeks. We have three contiguous s ta tes in Ind ia - -Maharash t ra ,
Karnataka, and Andhra Pradesh—wherein we have a l l the s i t u a t i o n s
according to the e x i s t i n g c l a s s i f i c a t i o n , f rom humid to a r i d .
Here our data se t is a v a i l a b l e even on a t a l u k b a s i s . So before
we come to de f ine the lower or the upper l i m i t , I t h i n k a 
comparison of the var ious methods may be c a r r i e d out and then
the one t h a t is subs tan t i a ted by g round - t r u th observat ions can
be accepted. We can then see whether we are ga in ing anyth ing
by us ing p r o b a b i l i t y f i gu res ins tead of means or by us ing weekly
per iods in place cf monthly ones. The exerc ise is suggested in
Dr. W i l l i a m s ' paper a l s o . I f s o p h i s t i c a t e d ana lys is doesn ' t g ive
much f i n e r d e t a i l , there is no p o i n t in reduc ing the pe r iod or
going i n f o r s t ochas t i c a n a l y s i s , e t c .
Once you de f i ne a r i d i t y in terms of atmospheric parameters l i k e
P and PE, over as dense a network of s t a t i o n s as p o s s i b l e , t h a t
def ines the l i m i t o f the sem i -a r i d t r o p i c s . I t becomes a d i f f i c u l t
problem i f we a lso t r y to see i f the crops are the same or no t .
I t may be a v a l i d one f o r b i o c l i m a t o l o g i s t s , bu t i t can cause a 
l o t of problems because we would be mix ing i ssues . A l s o , t h i s
k ind o f approach is l i k e l y to be very cons i s ten t w i t h the sca le
o f the dynamical system, t h a t i s , g i v i n g you the r a i n f a l l .
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Gadg i l :
Venkataraman:
Fre re :
V i rman i :
I would agree w i t h Mrs. Gadgil on t h i s i ssue . I t h i n k the group
sees no spec ia l d i f f i c u l t y in accept ing T r o l l ' s methodology as
such. It is on ly when we put it on the map t h a t some d i f f i c u l t y
a r i s e s . I f t h i s is taken care of in the methodology, we can
soon prepare an i n t e r n a t i o n a l map.
A l l the comments so f a r r e l a t e to I n d i a . I f a s i n g l e country can
cause so much d i f f i c u l t y , what type of map w i l l be produced when
we are dea l ing w i t h 49 count r ies? We should evolve some
ob jec t i ve parameters t h a t can be fo l l owed c o n s i s t e n t l y .
The most impor tant quest ion t h a t s t i l l remains to be answered i s ,
i f we consider on ly t r a n s f e r of techno logy , what are the para-
meters t h a t need to be considered? I f i t i s p r e c i p i t a t i o n and
p o t e n t i a l evapo t ransp i ra t i on at what sca le does t h i s need to be
appl ied?
A recent book by B i r d suggests c l a s s i f i c a t i o n based on net
r a d i a t i o n v o r t i c i t y , and atmospheric mois ture content as developed
from s a t e l l i t e imagery.
Such data would be too sparse f o r c l a s s i f i c a t i o n purposes.
You have accepted 18°C mean annual temperature as a l i m i t f o r
the t r o p i c s . Virmani proposed t h a t the upper l i m i t should be
mean annual r a i n f a l l of 1000 mm. Any comment on t h i s ?
I t h i n k t h a t the best c r i t e r i o n to judge the semi -a r i d zone is
the length of the growing season—between 90 and 150 days.
From ana lys i s of p r e c i p i t a t i o n records we can determine when
i t is poss ib le to s t a r t the crop season. Now a f t e r the ra ins
t e r m i n a t e , the cropping can be c a r r i e d on f o r 1 more month,
plus or minus 10 days, depending on the quantum of mois ture
storage when r a i n s cease. So if we accept a growing season of
75 days to 135 days, est imated as suggested above, I t h i n k we
can separate out the semi -a r id t r op i cs from the a r i d and sub-
humid zones. How to determine the s t a r t and end of e f f e c t i v e
ra ins w i l l be a ques t ion of methodology.
My suggest ion is t h a t we use the two c r i t e r i a of T r o l l ' s c l a s -
s i f i c a t i o n as i t stands and check the ground t r u t h w i t h cropping
pat te rns in areas where s e m i - a r i d i t y has not been shown by T r o l l ' s
c l a s s i f i c a t i o n .
We can come out w i t h a f i n a l d e f i n i t i o n of the semi -a r i d t r o p i c s ,
i f we use a l l the suggested methodologies and de l i nea te areas t h a t
are common to a l l the methodologies and y e t s a t i s f y the c r i t e r i a
of the crop du ra t i on of 90 to 120 days.
I t h i n k in t h i s d i scuss ion we are f o r g e t t i n g a l l about s o i l s , which
cond i t i on crop success.
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The s o i l s w i l l , I agree, make a l o t of d i f f e r e n c e to the crops
r a i s e d . The same area w i l l have pear l m i l l e t on sandier s o i l
and sorghum on heav ier s o i l . So as parameters in g loba l c l a s -
s i f i c a t i o n , we should s t i c k to r a i n f a l l and p o t e n t i a l evapo-
t r a n s p i r a t i o n . I f we take the amount of water rece ived in a 
g lobal c l a s s i f i c a t i o n we w i l l be i n t r o u b l e . T r o l l ' s c r i t e r i a
g ive you a crop du ra t i on of about 3 to 5 months. The crops
grown w i l l depend on the s o i l t ypes . T r o l l u n f o r t u n a t e l y , had
used very l i t t l e Ind ian d a t a ; he says so in h is paper.
Not a s i n g l e example was c i t e d from A f r i c a in a l l our d i scuss ions .
The south Ind ian s i t u a t i o n is seen in B r a z i l , and the nor th Ind ian
s i t u a t i o n is seen in A f r i c a . In south Ind ia the sem i -a r i d t r o p i c s
are conf ined to 750 to 2000 mm of mean annual r a i n f a l l and in
north Ind ia range from 500 to 1300 mm. So there w i l l be d i f f i -
c u l t y in adopt ing lower and upper l i m i t s o f r a i n f a l l i n d i f f e r e n t
reg ions .
I was j u s t going to mention A f r i c a . I cou ld see much d i f f i c u l t y
a r i s i n g in a place where one has two r a i n y seasons, as in Kenya
and southern Sudan.
We need not be de te r red by the f a c t t h a t we d o n ' t have p o t e n t i a l
evapo t ransp i ra t i on da ta . Because i f you go through the data in
the semi -a r i d t r o p i c s you w i l l see t h a t 30 mm per week in the
ra iny season w i l l be a very good approx imat ion . The i n f l uence
of s o i l types on crops is on the quantum of a v a i l a b l e s o i l
mo is tu re . For a g iven crop where roo t growth is u n r e s t r i c t e d
t h i s i s a conservat ive q u a n t i t y , l a r g e l y independent o f s o i l s .
We have l y s i m e t r i c data to show t h a t i t is of the order of 10 to
20 cm. So the growing season du ra t i on can e a s i l y be de l i nea ted
and compared w i t h o the r systems of c l a s s i f i c a t i o n .
Dr. Sarker , your o r g a n i z a t i o n is q u i t e b i g and you have a l l the
data a v a i l a b l e to you . Can you redraw those on l i n e s on the
basis of the suggest ion you and your group have made? That could
be a very use fu l e x e r c i s e .
I am agreeable to c a r r y i n g out the exe rc i se f o r I n d i a .
F i r s t we must de f i ne the s e m i - a r i d t r o p i c a l areas l ook ing on ly at
the c l i m a t e . In the second step we can in t roduce s o i l s i n t o the
d e f i n i t i o n , and in the t h i r d s tep we may f i t a crop i n t o i t . We
are at the s t a r t of our c l a s s i f i c a t i o n bus iness . We have n e i t h e r
the data source nor the manpower a v a i l a b l e to do a l l the k inds
of th ings t h a t we are look ing f o r . Data a v a i l a b i l i t y is extremely
l i m i t e d i n A f r i c a , p a r t i c u l a r l y West A f r i c a , and nor theas t B r a z i l .
This is why I was t r y i n g to see i f we could a r r i v e at an i n t e r -
n a t i o n a l l y un i form and quick method o f c l a s s i f i c a t i o n w i t h e a s i l y
a v a i l a b l e and publ ished da ta . One cannot get i n t o s p e c i f i c s l i k e
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s o i l s t y p e s , crop t y p e s , crop phenology, e t c . i n t h i s k ind o f
c l a s s i f i c a t i o n . We could s t a r t at a zero l e v e l and then go on
to o ther l e v e l s . We need the na t i ona l and other i n t e r n a t i o n a l
agencies to a s s i s t us in c a r r y i n g out some of t h i s work. I am
glad t h a t Dr. Sarker has agreed to do t h i s f o r I n d i a . We can
probably f i n d some other sources in A f r i c a and B r a z i l to car ry
out d e t a i l e d work o f t h i s type a l s o .
The FAO is ready to extend a l l help regard ing A f r i c a and South
America.
I am pleased to l i s t e n to your d iscuss ions on var ious methodo-
log ies f o r c l i m a t i c c l a s s i f i c a t i o n . Each methodology has i t s
own mer i ts and demer i t s . Although we have not been able to agree
upon a s i ng le methodology as the most s a t i s f a c t o r y t o o l , i t is
g r a t i f y i n g to see t ha t a few gu ide l i nes are emerging t ha t are
s a t i s f a c t o r y f o r the purpose o f d e l i n e a t i n g areas o f our i n t e r e s t .
We should cont inue our endeavours in t h i s d i r e c t i o n . Col labo-
r a t i v e e f f o r t s between d i f f e r e n t o rgan iza t ions i n t e r e s t e d i n
t h i s l i n e would enlarge our data base and st rengthen the a p p l i -
c a b i l i t y o f the c l a s s i f i c a t i o n system.
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